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Abstract

One of the main goals of the COMPASS experiment at CERN is therdetation of the
gluon polarisation in the nucleoAG/G. It is determined from spin asymmetries in the
scattering of 160 GeXt polarised muons on a polarised LiD target. The gluon pdaaris
tion is accessed by the selection of photon-gluon fusionrHR&ents. The PGF-process
can be tagged through hadrons with high transverse mometiteoagh charmed hadrons
in the final state. The advantage of the open charm channgisih leading order, the
PGF-process is the only process for charm production, thyshgsical background con-
tributes to the selected data sample.

This thesis presents a measurement of the gluon polans@gyg) from the COMPASS
data taken in the years 2002-2004. In the analysis, charduption is tagged through a
reconstructed °-meson decaying iD® — K~ 1t (and charge conjugates). The recon-
struction is done on a combinatorial basis. The backgroéimadang track pairs is reduced
using kinematic cuts to the reconstructBd-candidate and the information on particle
identification from the Ring Imaging Cerenkov counter. In &ddi the event sample
is separated intd%-candidates, where a soft pion from the decay ofEfemeson to
aD%meson, is found, and th®°-candidates without this tag. Due to the small mass
difference betwee®*-meson and%-meson the signal purity of thB*-tagged sample
is about 7 times higher than in the untagged sample.

The gluon polarisatiofqAg/g) is measured from the event asymmetries for the for the
different spin configurations of the COMPASS target. To inverthe statistical precision
of the final results, the events in the final sample are wetghtde use of a signal and
a background weight allows the separation&f/g), and a possible asymmetry in the
combinatorial background.

This method results in an average value of the gluon polasisan thex-range covered
by the data. For the COMPASS data from 2002-2004, the regwiitue of the gluon
polarisation iSAg/g) = —0.47 + 0.44(stat) + 0.15(syst), at an average = 0.1170.1
and a scale of® = 13Ge\2. This result points to small or negative values\@,/G(x)
around a value ok ~ 0.1, which could point to a small gluon polarisation in the nu-
cleon. The result is statistically compatible with the &rig measurements df\g/g) in

the highp; channel. Compared to these, the open charm measuremenelattntage
of a considerably smaller model dependence.






Zusammenfassung

Ein Hauptziel des COMPASS Experiments am CERN ist die Bestimnaangsluon-
polarisation im NukleonAG /G. Sie kann aus Doppelspinasymmetrien in der Streuung
von polarisierten Muonen mit einem Strahlimpuls von 160 Ge&h einem polarisierten
LiD-Target bestimmt werden. Durch die Selektion \Rimoton-Gluon-usionsereignissen
(PGF) bekommt man Zugriff auf die polarisierte Gluonveueg im Nukleon. Der PGF-
Prozess kann Uber Hadronpaare mit hohem Transversalimgedsharmhaltigen Hadro-
nen im Endzustand nachgewiesen werden. Der Vorteil deneff€€harmproduktion ist,
dass in fuhrender Ordnung der PGF-Prozess der einzige zam@haduktion beitragende
Prozess ist. Untergrund von anderen physikalischen Psemdsitt in den selektierten
Daten nicht auf.

In dieser Arbeit wird eine Messung der Gluonpolarisatithg/g) mit den COMPASS-
Daten der Jahre 2002-2004 vorgestellt. In der Analyse wirddharmproduktion tber
ein rekonstruierte %-Meson nachgewiesen, das tber den Kahal— K~ ™ (sowie
den ladungskonjugierten Kanal) zerféllt. Die Rekonstukiberuht auf der Kombina-
tion aller mdglichen Spurpaare. Um den Untergrund von FeEacSpurpaaren zu un-
terdriicken, werden Schnitte auf diz®-Kinematik sowie die Teilchenidentifikation mit
dem ,Ring-Imaging-Cerenkov“-Detektor genutzt. Darliberais werden die Spurpaare
in D°-Kandidaten, bei denen ein zusétzliches langsames Piogiaes D*-Zerfall in

ein D? nachgewiesen werden konnte, unddf-Kandidaten ohne diesen Nachweis un-
terteilt. Durch den geringen Massenunterschied zwisdb&Meson undD°-Meson ist
die Reinheit des Signals in den Daten mit d&m-Nachweis sieben Mal grol3er als ohne
den Nachweis.

Die GluonpolarisatiofAg,/g) wird aus den Zahlratenasymmetrien fiir die verschiedenen
Spineinstellungen des COMPASS-Targets bestimmt. Um distssahe Signifikanz des
Ergebnisses zu verbessern, werden gewichtete Ereigréssendet. Durch die Verwen-
dung von Signal- und Untergrundgewichten kann in der Megguwischen der Gluonpo-
larisation(Ag/g) und einer moglichen Untergrundasymmetrie unterschiecsrden.

Das Ergebnis der Messung ist ein Mittelwert fir die Gluoapshtion in dem von den
Daten abgedeckteaBereich. Fir die COMPASS-Daten aus den Jahren 2002-2002t ergi
sich ein Wert von(Ag/g) = —0.47 + 0.44(stat) + 0.15(syst) fiir die Gluonpolarisa-

tion bei einem mittleren Impulsbruchteil von= 0.11733% und einer harten Skala von

u2 = 13Ge\2. Dieses Ergebnis deutet auf eine kleine oder negative @hlarisation
beix ungefahmix ~ 0.1 hin, was als Hinweis gedeutet werden kdnnte, dass die Gaion
larisation im Nukleon insgesamt klein ist. Das Ergebnisiatistisch mit den praziseren
Messungen uber Hadronenpaare mit hohem Transversalirkpoipatibel. Gegenuber
diesen Messungen hat die ,open charm“-Messung den Voedikblich weniger von
Modellen abzuhangen.
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Introduction

Ever since the discovery in the 1960s that protons and negittbe constituents of the atomic nu-
clei, were themselves composed particles, their struetasethe subject of intense investigations.
The development of theoretical models describing the mcgtructure and the experimental ef-
forts to measure its compositions are progressing in rall

The picture of the nucleon changed from a particle compos$exkactly three quarks over the
model of a particle composed of many quarks to the currentemdigiat not only predicts quarks
but also gluons as constituents of the nucleon. The curredeimwhich is based on the quantum-
chromo-dynamics, the quantum field theory of the strongrawt#on, describes the nucleon as
a composition of a uncountable number of particles. Besideghree valence quarks, that are
needed to explain the baryon number and the electrical almdircoharge of the nucleon, the
model predicts a large amount of so-called “sea-quarks”’gndns in the nucleon. The quarks
and gluons are in constant interaction with each other, e/ttex quarks emit gluons and the glu-
ons convert to quark-antiquark pairs. Thus, the nuclearcire cannot be described by a static
picture.

In contrast, the properties of the nucleon such as the &aktharge or the momentum are static
guantities and show no dependence on the exact configuddtibe nucleon’s content at a partic-
ular moment. It is therefore impossible to determine thetrdoution of one individual quark or
gluon to the different properties of the nucleon. Instetldecomes more interesting to investigate
the contribution of ensembles of constituents, such aghed quarks” or gluons. This is achieved
through so-called “sum-rules”, that relate individual pedies to integrated contributions of en-
sembles of quarks or gluons, called “sums”. These “sums’beagccessed through measurements
of high-energetic scattering experiments that resolvestiestructure of nucleons.

This thesis addresses the question of the spin-compogifitiee nucleon. The proton spin was
first measured in 1927 (Demison) and its spin quantum numbérk @ well established. The
composition of the spin projectio,, of the nucleon can be formulated by

1 1
= — = N>+ A L .
S 5= 3 + AG +

*Conventions used in this thesis:
- In this thesisfi = 1 andc = 1 is used.

- If no explicit indication is given, all references to paléis given in this thesis implicitly include the corre-
sponding antiparticles.



2 Introduction

Where%AZ andAG are the sums of the contributions from the spins of quarksghmohs and.
corresponds to the contribution from orbital angular motaemof the nucleon’s constituents. But,
so far, so far no definite answer can be given to questionseositie of these three contributions.
Before the first measurements where performed, it was belithat the contribution from the
quark spins would add up to the full nucleon spin, similadyttie electrical charge. However,
measurements have shown, that the contribution from qusriat large enough to account for the
entire nucleon spin. Atthe moment, different experimergdacussing on a precise determination
of the contribution from the gluon spin.

In the past, high-energetic lepton-nucleon collisionseharoven to be the most successful probe
for the nucleonic sub-structure. Our current model for thel@on is essentially build on the results
of many lepton-nucleon scattering experiments. Thesergwpats provide two ways to access
the the gluon contribution in the nucleon. The scaling tiolobserved in th€?-dependence of
measured structure functions provided a first access tmta®f gluons. A deeper understanding
of the gluon contribution is achieved through measuremaritgeractions with a direct participa-
tion of the gluon. The most prominent candidate for such @eraction is the photon-gluon fusion
process. It can be detected through the production of a repsank-antiquark pair.

This thesis was performed in the context of the COMPABSIaboration. Its subject is the de-
termination of the gluon contribution to the nucleon spionfran analysis of polarised lepton-
nucleon scattering data taken in the years 2002-2004. Thlgsas is based on the detection of
photon-gluon fusion events through the production of chaquarks. This method to access the nu-
cleon structure and more particularly the gluon contrinutio the nucleon spin will be presented
in chapter 1. It will be compared to other possibilities toess the gluon contribution.

The next two chapters put a focus on the experimental setfitige measurement. The COM-
PASS collaboration analyses the interactions of a highegie muon beam with a fixed target of
polarised nucleons to access their spin structure. In en@ptthe muon beam and the polarised
target will be introduced, as well as the large multi-pugdstector used to detect the collisions.
Chapter 3 discusses the trigger system to detect interadberiveen beam muons and target nu-
cleons. This chapter also describes the changes introdadled trigger system between the years
2004 and 2006.

Chapters 4 and 5 turn to the analysis of the data taken in tire 2882, 2003 and 2004. In chap-
ter 4 the reconstruction of the recorded events is preséoiteded by a discussion on the stability
of the reconstructed data. Chapter 5 introduces the recmtistn of D-mesons, which provide the
evidence for the production of charm quarks.

The last two chapters present the measurements obtaine@®witesons that were reconstructed
in the data sets from 2002, 2003 and 2004. Chapter 6 discussesass-section fdD*-meson-
production at the COMPASS experiment and gives a first estimbthis quantity. In chapter 7
the measurement of the gluon polarisation is presentedchdgter starts with an introduction of
the method of the measurement discussing also the othexdiegits needed for the extraction of
the gluon polarisation. In the last section, the result fer gluon polarisation will be given and
compared to other measurements of the gluon polarisatibe.tfAesis is concluded with a short
summary.

TCOmonM uonProton Apparatus foStructure andSpectroscopy



Chapter 1

The spin structure of the nucleon

This chapter discusses the possibilities to determineltiengpolarisation in the nucleon and thus
to evaluate the contribution of gluons to the nucleon spihe $ubject of this thesis is the mea-
surement of the gluon polarisation through the productioczharmed mesons in polarised lepton-
nucleon scattering. Besides the measurement through tballeo-“open charm” production, the
gluon polarisation can be accessed by the observed scaditagions in polarised structure func-
tions as well as direct measurements in other channels.eTdthsr possibilities to determine the
gluon polarisation will also be discussed in this chapter.

So far, the most successful tool for the investigation ofrtheleon structure has been the observa-
tion of inclusive lepton-nucleon scattering and the deteation of the structure functions of the
nucleon. This method to probe the content of the nucleonhweilpresented in the first section.
In the second section, the inclusive measurements of pethtepton-nucleon scattering will be
introduced, and its possibilities to access the gluon maton will be discussed. The third sec-
tion will present the different methods for direct measugats of the gluon polarisation through
double spin asymmetries and give a brief overview of theteggesults. In the last section, the
production of charmed mesons and their detection in the COB&P8xperiment will be discussed
in more detalls.

1.1 The nucleon structure in lepton-nucleon scattering

In lepton-nucleon scattering point-like leptons are ugeidvestigate the structure of nucleons. In
the scattering process, the incoming leptanteracts with the nucleon through the exchange
of a virtual photony* giving access to the nucleon structure. A schematic vievhefgrocess

is given in figure 1.1. From the measured initial and final fowmentak andk’ of the lepton,
different Lorentz-invariant observables can be deterthimdich are generally used to characterise
the process. The negative four-momentum transfer squ@dfésigiven by

P= = (k—K?2 D —4EE’sinzg , (1.1)

whereE (E') is the energy of the incoming (outgoing) lepton ghits scattering angle in the
laboratory system. In the approximation on the right sidéhefequation the mass of the lepton

3
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Figure 1.1: Schematic view of the lepton-nucleon scattetimough a single photon ex-
change. The incoming leptdrscatters on the nucledhthrough the exchange of a virtual
photony*. The diagram corresponds to the process in lowest orderrafrpative QED
calculations.

is neglected. Besides the momentum transfer, the energyeoéxbhanged photon and the

inelasticity of the procesgwith

lab E—E’ \Y;
yE =g (1.2)

are determined from the kinematics of the lepton. To studynilicleon structure, the dependence
of the differential scattering cross-section on theserkiic variables is measured.

The first measurements performed in 1968 [1] showed only & wependence o®? for the in-
elastic lepton-nucleon scattering cross-section whesnbrmalised to the Mott cross-section [2].
This observation, which was the manifestation of a phena@mealledscaling led to the conclu-
sion, that, instead of scattering on the nucleon as a whudelepton is scattered incoherently on
charged, point-like constituents of the nucleon. This @lety opened the way for the develop-
ment of the parton model of the nucleon.

In the parton model [3], the nucleon is pictured as a colecof electrically charged, non-
interacting, point-like constituents. In thefinite momentum framewvhere the nucleon has a
large momentunp, compared to its masp{ >> M;), each constituent carries a fractigrof
the nucleons total momentum, wheris related toQ? andv by

2
X = Q
2Mpv

(1.3)

Since in the parton model the virtual photon is absorbed leyafthe partons without interference
from the other constituents, the cross-section for thelepiucleon scattering is interpreted as the
incoherent sum of the cross-sections for the scatteringl@omastituent quarks [4]. The lepton-
nucleon scattering process in the parton model is illustrat figure 1.2. The virtual photon only
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Figure 1.2: Schematic view of the lepton-nucleon scattemmthe parton model. The
virtual photon interacts with one of the constituents ofribeleon. The other constituents
are spectators in the interaction.

interacts with one of the constituents of the nucleon, therstare spectators in the interaction. In
the laboratory frame (proton at rest), the cross-sectiothi®scattering of a lepton on a point-like
constituent carrying the momentum fractigrthe electrical charge and spin% is given by [4]

do  4madZ, 1
&= o 2MnEx(l—y+§y2>€‘.2, (1.4)

whereaen is the coupling constant for electromagnetic interactidwasng this cross section, one
can formulate the cross-section for lepton-nucleon sgagfeas the sum over the contributions
from the constituents

d’c  4mod, [ 1-y
dxdy Q2 { Xy
where the two structure functiofig(x) andF,(x) correspond to the charge-weighted distributions
of the spin% constituents in the nucleon.
In a next step, the electrically charged partons of the muncleere identified with the quarks used
to explain the quantum numbers of hadron multiplets [6, 7 B&isides their electrical charge
guarks carry a flavour charge, which canwael, s, ¢, b or t, a colour charge and have a spin of
%. In the Quark-Parton-Model (QPM), the structure functibpandF, are interpreted as the sum
over the contributions from the different quark flavoursr #os purpose, the quark distribution
function g;(X) is introduced, whereji(x) corresponds to the number of quarks with flavoum
the nucleon carrying a momentum betwegy and(x+ dx) pn. The structure functions; (x) and

Fax) + ya(x)} , (L5)
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Figure 1.3: The proton structure functiésa measured in electromagnetic scattering of
positrons on protons (collider experiments ZEUS and H1d,fanelectrons (SLAC) and
muons (BCDMS, E665, NMC) on a fixed target. Statistical and syatie errors added
in quadrature are shown. The data are plotted as a functi@? of bins of fixedx.
Some points have been slightly offset@] for clarity. The vertical scale fdf, has been
adjusted in order to separate the values for different x. gloewas taken from [5], see
references there for data points.
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F2(x) can then be written as

A = oY €a) (1.6)
RX) = xY&a() | (1.7)

where instead of summing over all constituents the summasialone over the different quark
flavours. It has been established, that the dominant comiiiis to the nucleon structure are
coming from quarks of flavours with light masses, itg.d or s quarks. In the simple model of
non-interacting quarks, the quark distribution only deggeanx and not onQ?, which is the ex-
planation for the observed scaling behaviour in early scaty data.

Figure 1.3 shows the existing measurementB.dfor the proton as a function ad? for a large
range ofx. The data are taken from fixed-target experiments (NMC, BCDME®5SE as well as
collider experiments, where a lepton beam is scattered bifla energetic proton beam (ZEUS,
H1), and cover a remarkable rangexiand Q2.

The data points in figure 1.3 show a logarithmic dependendbeomeasured structure function
F, on Q?, which is in contrast to the expectation from the Quark-®aivlodel. This effect, also
calledscaling violation can be explained, when considering, 1Q&is also a measure for the reso-
lution of the measurement. A larger momentum transfer ples/the possibility to resolve smaller
distances, or to distinguish between two close particldss i illustrated in figure 1.4. In this

Figure 1.4: lllustration of the resolution. While a photorthn@% is scattered on a single
quark, the photon with highed3 > Q? resolves the quark and the gluon radiated by the
quark.

figure, the photon witl? is scattered on a single quark, while the photon with higgr> Q?
resolves the quark and the gluon that was radiated by thé qual; thus, scatters on a quark with
a smaller momentum fraction.

Thus, itis clear, that the interactions of quarks in the eaclneed to be taken into account, when
formulating the Quark-Parton-Model. Quarks carry eachlawzaharge, which has three different
varieties of colour or anti-colour. Because of the colourrghaquarks are subject to the strong
interaction. As the electromagnetic interaction, therggrimteraction is described by a quantum
field theory, the Quantum-Chromo-Dynamics (QCD) with freergueelds and gluons as gauge
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bosons. The gluon mediates the strong interaction coupdiglour charges. A principle differ-
ence between Quantum-Electro-Dynamics (QED) and QCD isgthans, unlike photons, carry
also colour charge. Gluons couple therefore not only tolcgibt also to gluons. As in any quan-
tum field theory, the coupling strength of the QCD has a scgenidence, which originates in the
interaction of colour charges with the vacuum. Because the Q&Dsix individual quark fields
and eight different gauge bosons, tB&dependence of strong interactions is much stronger than
for QED and has the opposite sign. For IQ%, the coupling constantis is very large and all
quarks are trapped inside bound states, which is also caitedinement”. With increasin@?,

the coupling strength decreases until quarks can be regjagiquasi-free particles. This effect is
called “asymptotic freedom”.

In nature, quarks and gluons can only be found in bound stéfben discussing a high energetic
scattering process, it is therefore not enough to calcti&tdard interaction with the partons par-
ticipating in the scattering. In addition, a descriptiorttué quark in the nucleon is needed as well
as a formulation of, how the partons produced in the intevsadbrm the bound states in which
they are observed. In most cases, @feof the hard interaction of the scattering process is large
enough to justify a perturbative approach for a calculaitio@CD. In these cases, the interaction
is calculated in orders of the coupling strengtl, which needs to be small enough to permit
the neglect of higher order contributions. This is not theecavhen looking at the transition of
asymptotically free quarks to quarks in bound states. Trassition, called fragmentation, can
therefore not be calculated perturbatively. Neither candistribution of quarks in the nucleon
be taken from a perturbative calculation. According to thetorisation theorenj9], the hard
scattering process can be calculated independently ofdlgenentation or the quark distributions.
The quark distributions and fragmentation are determimneoh fexisting data. The fragmentation
function is obtained from a phenomenological model, whes@ameters are adapted to describe
the data. The quark distribution are described through emasitical functions, whose parameters
are determined through fits to the data. The factorisatieortm states, that the distribution of
quarks in the nucleon and the fragmentation of quarks orfede on the momentum transf@f
and not on the actual hard scattering process. It is thex@iossible, to determine distribution and
fragmentation functions from data of different scattenqmmgcesses.

The QCD improved parton model takes the strong interactiauafks into account. The quark
distributions in the nucleon depend therefore not onlykdout also on the resolution with which
the quarks are observed, leading t@Q#&dependence of the the measured structure functions
F1(x, Q%) andF>(x, Q%) and the quark distributions in the nuclegiix, Q%). Equations 1.6 and
1.7 are then rewritten as

A = 53 a0 18)
R(x Q%) = xY eai(x Q) . (1.9)

The quark distributiom; (x, Q%) is now defined as the number of quarks of flavourthe nucleon
with a momentum betweexp, and (x+ dx) p, when viewed with a resolution determined @y
[3]. In addition, in the QCD-improved parton model the nuclemt only consists of quarks, but
also gluons. Since they do not carry electric charge, thayadinteract with the photons probing
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the nucleon, and do therefore, in lowest ordegf, not contribute to the lepton-nucleon cross-
section. But through their interactions with quarks, thdjuence the quark distribution functions
in the nucleon. To account for the gluons in the nucleon, amMistribution functiorg(x, Q?) is
introduced.

To compare the measured valuesgfx, Q%) andFx(x, Q%) at any givenQ? with the predictions
from the QPM, theQ?-dependence of the parton distribution functions (PDFgXseo be deter-
mined. This dependence is given through a set of equatiessyithing how the PDFs change with
Q?. Using these evolution equations the PDFs can be calculatethy Q° from a set of known
or parametrised PDFs at a giv@%. The most prominent evolution equations are the DGLAP
equations [10, 11, 12].

To formulate theQ?-evolution of the PDFs the possible strong interactionshefgartons in the
nucleon are considered. Figure 1.5 illustrates thesedctiens as they are considered in the lea-
ding order DGLAP-evolution. For quarks, the only the raidiatof a gluon is considered for the

9(x)
9(x)
q(U) q(u) g(u) g(u)
g(u-x) q(u—x) au=x). g(u—x)

Ry (X/u) R, (X/u) Rq (X/U) By (x/u)

Figure 1.5: The four interactions of partons in the nuclebat are considered in the
leading order DGLAP-evolution.

leading orderQ?-evolution. In figure 1.5, this interaction is representgdtie two graphs on the
left, to show, that it effects the quark and the gluon disttitn in the nucleon. The gluons can
radiate a gluon or split into a quark-antiquark pair, whistsihown by the remaining two graphs
in figure 1.5. The effect of each of the four processes on thEsPB described by a splitting
function, P j(%). The splitting functionp, j(%), correspond to the probability that a partpwith
the momentum fractiow of the nucleon momentum originates from a partevith a momentum
fractionu of the nucleon momentum. The splitting functions themsebse calculable in pertur-
bative QCD. The leading order calculation of the splittingdtions can be found in [12].
Using these splitting functions, the evolution equatioranfindividual quark distribution can be
written as g ) g
i (X

?;lfn—gz) = / = o (u Q) Peg(x/u) + 9(u Q) Peg(x/u)] (1.10)
One can see, that the change in the quark distribution hasarigbution from the quark splitting
and a second contribution from gluon splitting. This secoadtribution only depends on the

*Dokshitzer, Gribov, Lipatov, Altarelli, Parisi
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gluon distribution and not on the type of the quark distiidsut Therefore, it is useful to regroup
the PDFs from quarks and antiquarks into a singlet and slavenasinglet contributions, with

*(x Q%) = Y [ai(x Q) +G(x Q%) (1.11)

qNS(X7 QZ) = q <X7 Qz) - qm(xa QZ) ’ (112)

wherens is the number of flavours in the nucleon. The quark distrimsiy (x, Q%) andgm(x, Q%)
stand for sums of several quark or antiquark distributiombe only condition put to the non-
singlet distributions is, that the same number of quark amidjaark distributions entegj (x, Q%)
andgm(x,Q?). In this case, the gluon contributions cancel in the evolugquation of the non-
singlet distribution and the evolution becomes indepenhdéthe gluon distribution. The three
evolution equations for non-singlet, singlet and gluortridistions are given by

dg'Sx Q%) as [du|

dInQ2 = o)y _QiNS(UaQZ)qu(X/U) (1.13)
doS , 2 1dur
qé |(:ch ) = g_i g Uu _QiS(U,QZ)qu(x/u) + 2n¢ g(u,QZ)qu(x/u)} (1.14)
d 2 1d _
g(ﬁ;—’gz) = g—i g Uu_qiS(U,QZ)qu(x/u)+g(u,Q2)ng(x/u)} : (1.15)

The DGLAP equations can be used to extracttiteependence of the PDFs from the measured
data ofF, shown in figure 1.3. For this, an initial parametrisationled PDFs is formulated for a
fixed Q3. The parametrised functions are then evolved to the diftar@ues ofQ? of the measured
data points of» using the DGLAP equations. From equation E9can be calculated from the
evolved PDFs and can be compared to the measured value.eehgdrameters of the original set
of functions are then optimised to minimise the differeneéaeen the measurementskefand

the calculated values. In most cases, Fheneasurements from different experiments are fit to-
gether to obtain a large coveragexiandQ?. This makes the fitting procedures more complicated,
because the different experimental and systematic errors the different measurements have
to be taken into account. Recent analysis of the existingtsirel function measurements have
been performed by the GRV collaboration [13], the CTEQ [14ladmration and the MRST [15]
collaboration. Since for highep? the probability of observing a heavy quark in the nucleon can
become non-zero, in some cases the QCD-fits are performedaddtitional structure functions
for charm and bottom quarks in the nucleon [16].

To obtain the PDFs for a higher order perturbative calcoitgtihe same fitting procedure is used.
However, the splitting function and the relation betweeanharton distributions and the structure
functions (see equations 1.8 and 1.9) depend on the ordie g@ietrturbative calculation and need
to be adapted. In higher order, more processes contributieettepton-nucleon cross section.
For example the PGF process (see section 1.3.1), whereube giteracts with the virtual pho-
ton through the exchange of a quark-antiquark pair. To aucfmu these possibilities, the gluon
distribution functiong(x, Qz) also contributes to the structure functidhsandF.
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Figure 1.6: Kinematic planes in polarised deep-inelasfitdn-nucleon scattering.

1.2 Inclusive polarised lepton-nucleon scattering

Scattering experiments, where polarised leptons areesedtbff a polarised nucleon target, ad-
dress the question of the spin composition of the nucleoe.chmstituents of the nucleon, quarks
and gluons, both carry spin and can have orbital angular mamerelated to their movement
inside the nucleon. The spin of the nucleon is therefore am®ag by the sum of all quark spins,
the sum of all gluon spins and the sum over the orbital angutamenta. A sizeable contribution
from all quark spin or all gluon spins is the result of a paation of quarks or gluons inside the
nucleon.

Inclusive measurements of polarised deep inelastic scajtprocesses provide access to the con-
tributions from quark spins and gluon spins. For this thessfeection for the scattering of a
polarised lepton off a polarised nucleon target is evalliatéhis cross-section can be separated
into a spin-averaged contributian a contribution from longitudinally oriented nucleon Sl

and a contribution from transversely oriented target rarede | by [17, 18]

3 3g d*Ac
d°o _ d°o 4 % cosp \
dxdyde  dxdyde

3
L _ HsinBcosnpd Ao,

dxdydeg dxdydg (1.16)

In this equation the helicity of the incoming leptons is deloby #, with # = +1 for left and
right handed particles. The angle between the incomingteptomentum and the nucleon spin
is 0 < B <, the second angle entering the equatipmdicates the azimuthal angle between the
scattering plane and the plane containing the lepton andubkeon spins, as shown in figure 1.6.
The spin-averaged cross-sectmms a function of the two unpolarised structure functibnand
F was already given in equation 1.5. In an analogue way, twarad structure functiongj;
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andgy, can be introduced to the spin-dependent cross-sectipando | [18]

Aoy Aoy Y VY
savds ~ (13T uopre) —

d*Ac, Aem |\ /4 y2v2 y

where the kinematic factof = Q?/v? = 4x°M?/Q? vanishes foQ? — .

The spin-dependent structure functiogs,and gy, are accessed through the differences of the
cross-sections for two opposite spin configurations. Stheespin-dependent part of the cross-

section is relatively small compared to the total crossiseccross-section asymmetries are mea-
sured. In the asymmetries systematic effects related tatikelute cross-section measurements
cancel, thus facilitating the measurement of small spipedeent contributions. For the scattering

of a polarised lepton on a polarised target, two cross@eetsymmetries can be determined. For
longitudinal target polarisatioy is given by

NO O—; _ O';}
A QEE) = = = T (1.19)
o o< +0~
In the case of transverse target polarisatidn,s
Ao cyﬁ — cE
A (x,Q%E) = —= = (1.20)

O gh4ol
In both cases the arrows and=- denote the orientation of the spin of lepton and nucleoneén th
scattering process. The symlaolvas chosen as a shorthand notation and stands for the diftdre
cross-sectionsd /dxdyde.

The spin-dependent structure functiogs,and gz, can be experimentally accessed through the
measurement of the photon-nucleon asymmetiesnd A, [18]:

02 0 ¢ Vg

2.2\
A1(X,Q%E) = YT R 5 (2.22)
and L
2. o 01+ 02
P} Q4E) = s =V (1.22)

In the above expressions/2 (63/2) stands for the cross-section of the interaction betwedra p
ton with helicity +1 and a nucleon with helicity +1/2 (-1/2)upling to an angular momentum with
a projection along the photon momentum of 1/2 (3/2). Thesgestiono' - corresponds to the
interference term for transverse and longitudinal phatons

The photon-nucleon asymmetries are related to the muoleonmaross-section asymmetries
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through kinematic factorg(Q?,y,v), A(Q?,y,v) and&(Q?,y,v), which depend on the kinemat-
ics of the photon emission from the lepton, and the depaitiois factor,D(Q?,y) [19]:

A =D (A1 +nA) , (1.23)

A, = DA (Az+EA) . (1.24)

The expressions fay(Q?,y,v), A(Q?,y,v) and&(Q?,y,v) can be found in [18]. The depolarisation
factor,D(Q?,y), stands for the polarisation transfer from the initial &pto the photon probing
the content of the nucleon. It can be expressed as a fundttbe &nematics of the lepton-photon

interaction 5 )
5_ y [(1+¥y/2) (2—y) — 2y*m/ Q7]
Y2 (1-2mG/Q%)(1+y?) +2(1+ R (1-y—y»y?/4)
whereR s for the ratio of photo-absorption cross-sections fogitudinal and transverse photons

(1.25)

R= O'L/O'T.
When onlyA is measured, the polarised structure functmn.can be accessed through
A F A =
| 1 |
— | “nA = |1 —n)A: ) 1.2
0 {D £ (y-n) 2] T [D Fy-n) z] R (1.26)

In the kinematic range of the COMPASS experiment, the fagten is small, so the contribu-
tion from A, can safely be neglected. For experiments with lower engrgibereA; is larger, a
parametrisation foA; is used [20]. To determing; from measured values @, corresponding
values ofF, andR are needed, which are usually parametrised as functionsaofl Q%. The
parametrisations used by COMPASS were established by the @ilfboration [21], which per-
formed polarised inclusive scattering measurements wsilmdar beam energy than COMPASS.
The structure functiory; has been measured by different experiments as a functiarnusing
the double-spin asymmetries in lepton-nucleon scatteximtifferent values o?. Depending on
the target material of the experiment, the measured asynasigfive access to the structure of
proton, neutron or deuterons. In the case of the deuteroméssurement aj; corresponds to
the isospin-symmetric structure of nucleons. For measemﬂasx;mfg’fI with a deuteron target, only
a correction of the target polarisation is needed, thatstak® account th&-wave state of the
deuteron. Measurements of the HERMES collaboration [22¢ lstsown, that in measurements of
01 the tensor structure of the deuteron can be neglected.

So far, the COMPASS collaboration has collected data on thegeuteron scattering during four
years and data on lepton-proton scattering during one Yefaithese recorded data, the inclusive
asymmetrieg\| andg; were determined and published for the years 2002-2004 {23, The re-
maining data are still being analysed. Besides the COMPASErement, inclusive asymmetries
of polarised lepton-nucleon scattering were measured pgraxents at SLAC (E142 [25], E143
[26], E154 [27], E155 [28]), CERN (EMC [29], SMC [21, 30]), DESHERMES [31, 32]) and
JLAB (HallA [33]). In figure 1.7 the the measurementsgeffor protons, deuterons and neutrons
are shown as a function a&f

To extract the polarisation of quarks and gluons in the rarcfeom the measured values@f, the
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Figure 1.7: The spin-dependent structure functiom(x) of the proton,
deuteron, and neutron (fronPHe target) measured in deep inelastic scat-
tering of polarised electrons/positrons: E1422(~ 0.3 — 10Ge\?), E143
(Q? ~03—-10GeV?), E154 Q> ~1-17GeV?), E155 @Q?~ 1—40Ge\’),
Jlab E99-117 @° ~ 2.71—4.83GeV?), HERMES @Q?~ 0.18—20Ge\?),
CLAS (Q°~1-5GeV) and muons: EMC @~ 15— 100Ge\?), SMC
(Q? ~ 0.01—100GeV¥), COMPASS (@Q? ~ 0.001— 100Ge\f), shown at the
measuredd? (except for EMC data given @2 = 10.7Ge\? and E155 data given at
Q? = 5Ge\A). Note thatgy(x) may also be extracted by taking the difference between
0d(x) and gf(x), but these values have been omitted in the bottom plot faityla
Statistical and systematic errors added in quadraturehaxers The plot was taken from
[5]. Note that all measured points are at differést



1.2 Inclusive polarised lepton-nucleon scattering 15

polarised quark distributiong" (x, Q%) andg,” (x,Q?) are introduced. The distribution describes
the number of quarks of flavouy with a momentum fraction betweerandx + dx and with the
same and opposite helicity as the nucleon. To parametrsediarised structure functian with
polarised quark distributions the differenasg (x, Q%) of the two helicity distributions are used.
They are given by

AGi(x, Q%) = g (. Q) —q (x.Q%) . (1.27)

The integral of each differends (x, Q%)

1
AQ = /O Agi(x) dx (1.28)

is interpreted as the total spin contribution of all quark$lavour i divided by /2. The quark
polarisation can be obtained by dividiAg); with the integral over the unpolarised quark distribu-
tion. In the QCD improved QPM, the relation between the pséatistructure functiogy (x, Q%)
and the polarised quark distributions is given in leadirgdeoby

() = 5 Y B + 0GP | (1.29

From the measured values@f(x, Q?), the polarised quark distributions are extracted by parfor
ing a global fit as described for the unpolarised case. Howvdue to the limited kinematic range
covered by the data, additional constraints are neededdgood convergence of the fit-functions.
Using the flavour decomposition of the first momengﬁ),fr P one obtains [34]

1 2
P = | e Qdx (1.30)
1[4 — 1 -1 —
— E{g(AQHAfu)+§(A@+M>)+§(A5+A5) : (1.31)

Equation 1.31 can be rearranged into a singlet contribpfidnand two non-singlet contributions,
A3 andAdg, to the first moment of

= lizAﬂlg-i—Si(SA,‘Zlg-i-éAZ , (1.32)
where

A = AU+AU—AD—AD (1.33)

Adg = AU+AU+AD+AD—2(AS +AS) (1.34)

AS = AU+AU+AD+AD+AS+AS (1.35)

The values fron\ 43 andA g are related to the decay constants offfiltkecays in the baryon octet
and have been measured previously [5, 35, 36]. They prowddeianal constraints, when fitting
the polarised parton distributions to the measurementg.ofA detailed description of a fitting
procedure and the application of these constraints carbal$éound in [37].

An example for the polarised parton distributions of thet@naobtained with a global fit of theg;
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Figure 1.8: Recent analysis of polarised parton distrilmstiof the proton. The distri-
butions are shown fo®? = 4Ge\2. The plot is taken from [38]('BB’). The additional
curves represent the central fits from [39] (GRSV’) and [2AKC").

data is shown in figure 1.8. The figure shows the fit results fifeiee different groups and a band
that indicates the uncertainty of the curves from ‘BB’ [38].eTduark distributions obtained from

three different fits are in good agreement. The situatiorery different for the polarised gluon

distribution, where much larger uncertainties are obskrve

From the polarised quark distributions the total contiidmutof the quarks to the nucleon spin,
%AZ, can be determined. In [24] this contribution was determhiteebe

1
AS(Q*=3GeVP) = / Ag°'dx = 0.30+ 0.01(stat) + 0.02(evol.) . (1.36)
0

From this result, which is consistent with the results fra@vmpus fits, one can conclude, that the
quarks have a significant polarisation in the nucleon, beigtark spin does not fully explain the
spin of the nucleon. The gluon contribution and orbital dagmomenta are therefore essential in
the understanding of the spin composition of nucleon. Thysgecise determination of the gluon
polarisation is required.

The large uncertainty of the polarised gluon distributietedmined through the QCD-fit is related
to the fact, that so far, polarised lepton-nucleon scaiemeasurements were only performed by
fixed-target experiments. This limits the available rang&? andx. The polarised gluon distri-
bution contributes tgy; through theQ?-evolution of the polarised quark distributions. It is migin



1.3 Measurements of the gluon polarisation 17

determined from the slope df in Q%. Because of the small range ©f of the existing data, this
slope cannot be determined precisely. The gluon polanisatn therefore not be determined very
precisely from a QCD-fit of the existingy data. Thus, additional measurements are necessary.

1.3 Measurements of the gluon polarisation

Measurements of the polarised gluon distribution in thdewrtare being performed in polarised
lepton-nucleon scattering and polarised proton-protdiisams. Both measurements are based
on interactions, where a gluon in the nucleon participatebe hard scattering process. This is
achieved through different approaches. This section wékent these approaches and discuss
their sensitivity to the gluon polarisation.

1.3.1 Polarised lepton-nucleon scattering

In lepton-nucleon scattering, the dominant contributittmthe cross-section are the quark-parton
model (QPM) process contributing at the orade¥, the QCD-Compton (QCD-C) process con-
tributing at the ordenem,/0s and the photon-gluon fusion (PGF) contributingo@t,/0s. The
three processes are illustrated in figures 1.9 and 1.10.el@Q®M process, the virtual photon is
absorbed by one of the quarks in the nucleon. In the QCD-C psotiee virtual photon is absorbed
by a quark that emitted a gluon immediately before or aftedwaln both processes, only quarks
from the nucleon participate in the interaction. The domtnaocess involving a gluon from the
nucleon in lepton-nucleon scattering, is the photon-glusion process (PGF). In this process,
the virtual photon emitted by the lepton interacts with aoglfrom the nucleon via the production
of a quark-antiquark pair, as shown in figure 1.9.
The gluon polarisation is extracted from the double spimramgtry for PGF events. This double
spin asymmetry has a similar definition as the inclusive tmspin asymmetryd, (see equa-
tion 1.19) with the difference, that it is given by the PGFss:@ection. For the COMPASS exper-
iment, where PGF events are observed in muon-nucleon sogitthe asymmetry can be written
as
< =
N BOpeF _ Oper— OpGr (1.37)
OPGF  Opgr+Opgr

where the arrows indicate the spin orientations of the muwhthe nucleon. According to the
factorisation theorem [41], the polarised and unpolarB&dF cross-sectiofopgr andopgr can
be expressed through the two gluon distributions in thegarg(x, §) andAg(x, §) and the partonic
cross-section, describing the muon-parton interaction

doper = doper(X,$...)9(% 9 (1.38)
dAopcr = dAGEEE(X,S...)A0(%,9) (1.39)
where the variable stands for the momentum fraction of the nucleon carried byglhhon ands”™

is the invariant mass of the photon-gluon system. For PGEgsses, the invariant mass of the
photon-gluon systens, s used instead of the momentum transfer to the virtual ghda®?, to
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Figure 1.9: lllustration of the photon-gluon fusion progeshere the virtual photon and
the gluon interact by creating a quark-antiquark pair, Whdan be detected in the final
state. The hard scale of this process is given by the invaniass of the photon-gluon
systemgs”

describe the scale of the scattering process. This refleetfatt, that the gluon distribution in
the nucleon is probed with "The invariant masss, tan be calculated from the four-momenta
of the photonP, and of the gluorPg usings'= (P, + Pg)2. It is also worth mentioning, that for
PGF processes the variabdeescribing describing the momentum fraction of the nucl¢oat is
carried by the gluon participating in the interaction, doescorrespond to the “Bjorken x%gj,
calculated from the lepton kinematics using equation 1.3.

The PGF asymmetry from equation 1.37 can then be relatecetgltion distributions in the nu-
cleong(x,$) andAg(x,$) through [42]

JAAGhEL(x.8,..) Ag(x, )
Jdopge(x.5,..)g(x.9) (1.40)

UN
APGF

where the integration is done overs and other observables the partonic cross-section depends
on. To relate the measured cross-section asymmetry witlyltlen polarisation in the nucleon
AG/G= [Ag(x,9)/ [ g(x,9) the analysing poweal °F is introduced. It corresponds to the partonic
spin asymmetry for thag — qq scattering process in PGF and is given by

AO—IJQ
ol =g - (1.41)
PGF
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Figure 1.10: lllustration of the QPM process (left) and tHeC process (right).

Using the analysing power, equation 1.40 can be simplified

dAckL (x,§,...)Ag(x,$

A

dePGF( S...)a(x9)
Jdopge(x$ - ) g(x,9) afPF Ag(x, 8) /g(x,9)

~ (1.43)
Jdopge(x.5,...)9(x9)
JAY
A = @E ) (1.44)
For the measurement ()%) it is assumed that
Ag
Abgr = (@ () (1.45)

where (£9) |s the average value dfg/g(x,$,...) of the event sample used for the determina-
tion. Thus,(29) is only measured in the Ilmlted range wicovered by the data. Without this
assumption, the effects of the partonic asymmetry and thengbolarisation to the measured PGF
asymmetry could not be disentangled. However, the simatitia is only permitted in the case
Ag(x,98)/g(x, 8 has a weak or linear dependencexan the range ok covered by the data [43]. In
thex-range of the data analysed in this thesis, the existing lmat#scribing thex-dependence of
the polarised gluon distribution can reasonably well ber@yamated by a linear function.

For the scattering of a muon beam with polarisafroff a polarised nucleon target with polari-
sationPr, the cross-section asymme#f}y; is related to the measured asymmea%S2s by

ABEES — PPy f (Rogr Abse + (1- Rece)As) (1.46)
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where the dilution factof indicates the fraction of polarised nucleons in the tar§lee asymme-
try is determined from an event sample, selected with anrezgthfraction of PGF-even®pgr.
For the case, whellRpgr < 1, a possible asymmetry of the background evégthas to be taken
into account.
In COMPASS, two channels are used to enhance PGF events. logle charm” channel, PGF
events are identified by a charm quark in the final state. Tdudig order process for charm quark
production is PGF, since charm quarks are not constitudrtseonucleon and their production
through the fragmentation process is strongly suppresgéldir large mass. By requiring@-
meson, containing a charm quark, in the final state, a sampl&€B-events can be selected, where
no second production process contributes. The challentfesrthannel is to select a sample of
D-mesons with as little combinatorial background from theprestruction procedure as possible.
In the “high-p;” analysis, a pair of hadrons with high transverse momentsésl to tag the PGF-
events. This event signature is not unique for PGF proce8sesdes PGF also the QPM and the
QCD-C process can produce two hadrons with high transverseemi@. In addition, in photo-
production events, where a quasi-real photQA £ 0Ge\?) is exchanged, resolved photon pro-
cesses, where the photon fluctuates intggapair before interacting with the gluon, have to be
considered. The fraction of PGF-events is enhanced throutghon the transverse momenta of
the two hadrons, as well as the sum of the two transverse ntarsgqoareg?; + p2,. To extract
< 9) from an event sample with high- hadrons, the relative event fractions of the different pro-
cesses have to be determined. This is done using eventsageh@n Monte Carlo simulations.
The high{; channel is not limited by the available event statisticsstdad the measurement is
strongly model dependent, since it relies on informati@mfiMonte Carlo simulations to deter-
mine the relative contributions from the different pro@sss
The COMPASS experiment was the first experiment to publish asorement o(%) from the
ogen charm channel in lepton-nucleon scattering [44]. éigh{; channel, measurements of
have been published by the COMPASS collaboration [45], th€S¥Mllaboration [46] and
HERMES collaboration [47]. All three measurements agrebiwitheir precision, but on the ba-
sis of these measurements the polarised gluon distribadanot be determined. It is however to
be expected, that the significance of the results from the ta&en in COMPASS until 2007 will
make a distinction between different solutions for the glpolarisation possible.

1.3.2 Polarised proton-proton scattering

Since the year 2000 a high energy proton-proton colliden patiarised proton beams, called RHIC
[48], is in operation at the Brookhaven National Laboratdtyffers the possibility to study the
interaction of polarised protons at a centre-of-mass gnafrg00 GeV .

In proton-proton collisions several processes involvilugpgs from the nucleon are available, how-
ever, they do not have unique event signatures. The pracetsdied to measure the gluon polar-
isation are shown in figure 1.11. The most prominent proocasthe measurement of the gluon
polarisation is the prompt-photon production, shown inupper left diagram. In this process the
interaction of a quark from one proton with the gluon from tltleer proton is coupled to a photon
emission. The photon provides a direct probe of the hardrsgkps, since unlike the quarks and
gluons it can be directly observed in the detector.
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N N

Figure 1.11: Proton-proton scattering processes whera@gparticipates in the hard
interaction. Upper left: prompt photon production, uppght. heavy-flavour production,
lower left and lower right: jet or hadron production

The other three processes consist of parton-parton sogterents, where at least one parton is
a gluon. The resulting quarks or gluons can be observedrathbigh energetic hadrons in the
final state or in the form of jets. This makes the distinctidmpcesses, where one gluon, two
gluons or no gluons participated in the hard scatteringodiifi One possibility for this distinction
would be the detection of heavy quark production (uppertddi). Similar to the lepton-nucleon
scattering, the dominant process for heavy quark produdési@luon-gluon scattering, so heavy
guarks can be used to select events where two gluons patédijn the interaction. However, this
channel is limited in statistics due to the requirementshairim production and detection.

Light quarks in the final state can be produced in quark-qugukrk-gluon or gluon-gluon scat-
tering. It is, a priori, not possible to distinguish betwea®e underlying scattering processes.
Therefore all events are used for the asymmetry measurem@&he separation of the contribu-
tions from the three different processes is done using a 8@airlo model. For this the data are
divided into several bins of the transverse momentum of bseved hadron or jet. For each bin,
the contribution from the gluon-gluon, the quark-gluon &melquark-quark process can be deter-
mined. Since the relative strengths of the three processesge as a function of the transverse
momentum, the contributions of the three production meishas can be disentangled.

The measurement of the gluon polarisation follows the sanmeiple as in lepton-nucleon scat-
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Figure 1.12: Measured proton-proton asymmeyry from inclusive jet production [49]
(right) and inclusivat® production [50] (left) as a function gf. The measurements are
compared to the expectations for different gluon polaioset

tering. From a preselected event sample, where the fraofi@vents with gluons in the hard
interaction was enhanced through the selection cuts, thgitlainal cross-section asymmetry
A = Ao /o is determined. When looking at a process b — ¢ + X, wherea andb are partons
in the initial stateg in the final state, the spin-dependent cross-section gb fhecattering process
Ao can be decomposed to [34]

dAc = % Afy ® Afp @ dAGS, ® DY (1.47)
ab,c

whereAf; is the polarised parton distribution function of par1iomség7ID the spin-dependent par-

tonic cross-section ariﬂQ the fragmentation function for partarto a the hadron or jdt through
which it is observed. In the case, where the helicity of thédrbas in the final state is not observed,
theD! corresponds to the spin-independent fragmentation fometind cancels in the asymmetry.
The determination of the polarised parton distributiommsrfrthe measured asymmetries then re-
quires the knowledge of the spin-dependent partonic csessens.

One can see from equation 1.47 that in the case where baot jpetrtons are gluons, the asym-
metry is proportional to(Ag/g))?. In this case, the sign of the gluon polarisation cannot be
determined. The processes with two initial gluons contalia the heavy flavour production and
to the jet and hadron production.

The extraction of the gluon polarisation from the measumaaremetries is done in several steps.
From a Monte-Carlo simulation the event fractions of theedéht production mechanisms are
determined as a function g. The partonic asymmetries of the contributing processesso
calculated as a function gk. Using the partonic asymmetries, it is therefore possiblatculate
the expected longitudinal proton-proton asymmetries asation of p; for different models of
the polarised gluon distribution. The comparison of thewgalted values and the measurements
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allow a conclusion about the gluon polarisation in the pmotbhis is shown in figure 1.12, where
the measured asymmetries from inclusive jet productiaghtyiand inclusiver® production are
shown as a function gf. The figures also show different curves corresponding ferdiht gluon
polarisations. One can see, that these measurements [pref@r negative gluon polarisations for
the kinematic ranges of the measurements.

At RHIC, the PHENIX and the STAR collaboration are working oe tthetermination of\’Ag>
from high energeti@ p collisions. They have so far published results frafrand jet productlon
[51, 52, 49, 50] (see also figure 1.12). As for these measurentiee contributions of the different
underlying scattering processes need to be very well utatetsthe first publications from both
collaborations discussed the unpolarised cross-sediiodgheir agreement with next-to-leading
order calculations [53, 54, 55].

Results from the cleaner heavy flavour and prompt-photonymtazh channels are not published
yet. These channels require more statistics for an extractf (A—(;’}. The comparison of the
published results with the different theoretical predics give a similar picture as for the higla-
channel. At the moment no definitive conclusion about thewloolarisation can be drawn, but it
is clear that, when more data are available, the measuredhasiyies allow a determination of the
polarised gluon distribution in the proton [56] using theuks on the polarised quark distributions
from inclusive lepton-nucleon measurements.

1.4 Open Charm production in COMPASS

This section discusses the production and the detectioharfit quarks in the kinematic regime
of the COMPASS experiment. The first part of this section iSaidd to a discussion of the ex-
clusiveness of the open charm production via photon-glusioh. The second part of this section
will then examine the possibilities for charm detection iaredetails.

The measurement of the gluon polarisation from open chaatiyation in COMPASS makes use
of two advantages of heavy quarks with respect to lighterlguaAs mentioned above, heavy
guarks can only be produced in the hard scattering procelssy are too heavy for production
during the fragmentation of lighter quarks. Thus, unlilghter quarks, a heavy quark can be di-
rectly identified as a quark from the hard scattering pracesaddition, due to the heavy mass,
the charm quarks preserve most of their initial momentuninduhe fragmentation process. The
observed kinematics of the charmed meson can thereforddted¢o the parton kinematics.

The dominant process for charm production in lepton-nucksmattering is the photon-gluon fu-
sion process, shown in figure 1.9. A second conceivable psowéh a charm quark in the final
state, would be a QPM process (see figure 1.10) with a introtsarm quark in the nucleon. This
process is however strongly suppressed, as shown in figliBe k.displays the measurement of
the structure functiofr;%(xgy) for charm production from muon-nucleon scattering at tidiée
ferent photon energies which are comparable to the photon energies in COMPASS. &tee d
are compared to curves showing the expectatiorfsybfrom PGF and intrinsic charm. The data
points agree with the PGF production mechanism of the obderftarm quarks. For this diagram,
the difference between the variabigy calculated from the muon kinematics through equation 1.3
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Figure 1.13: Measurements &% by the EMC collaboration [57] compared to the
expected distributions of charm production in PGF and franinisic charm in NLO
[58, 59]. This plot was taken from [58].

and thex, which is describes the momentum fraction of the nucleoriadhby the parton, should
be remembered. The data points are shown for different saifrgs;, which is only for the QPM
process, the same &s For the PGF process, the actual momentum fraction cargigtidogluon
has larger values than thxg; that is shown in the plots.

A second background contribution in a sample, where chaodyation was detected, could be
“resolved-photon” processes. In the resolved-photongsees, the photon emitted by the muon
fluctuates into a quark-antiquark pair before interactiritip wne of the gluons from the nucleon.
Resolved photons appear mostly in interactions \@ith~ 0Ge\~. At larger values of)? their
contribution is suppressed. For a measurement of the glatarigation in the nucleon, a large
contribution from resolved-photon processes is problemia¢cause the quark polarisations in the
photon could introduce a background asymmetry. Severdlest60, 61] have shown, that the
resolved photon contribution to charm production is expetd be below 1% in COMPASS kine-
matics and can therefore be neglected.

Thus, the photon-gluon fusion process is not only the dontipaocess for charm production
in leading, but all other processes can be neglected. Fifl# shows the estimated charm-
production cross-section through photo-production pgses as a function of the photon-nucleon
centre-of-mass enerdly [62]. One can clearly see the steep rise in the cross-seatiealues of
W < 10GeV. This threshold is related to the fact, that a minimuergy ofs'= 4n¢ = 9GeV?

is needed in the photon-gluon system to produce the two chaarks. For the 160 GeV muon en-
ergy used in COMPASS, the energy range for the photons is gippately 30< v < 130GeV.
This corresponds to an averagé around 15GeV, which is similar to the values\af of the
fixed-target experiments shown in the diagram. The valud¥ afe above the threshold for the
production of a charmed quark-antiquark pair through th& pacess.

Besides the unambiguous production process, heavy quavkstia advantage, that they carry
information about the hard scattering process, where trexg wroduced. In the case where both
charm quarks from the PGF process are detected, it wouldsshpe to determinsg, the invariant
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Figure 1.14: Total photo-production cross section as atfonof W. The solid dots are
the ZEUS measurements from the data taken in 1993 and thedopemre earlier mea-
surements from fixed target experiments. The solid lineasgmts the central prediction
of NLO calculations. The shaded band represents the theareincertainties coming
from varying this scale in the range. This plot was taken ff62]j

mass of the photon-gluon interaction. Frathé momentum fraction of the nucleon carried by
the gluon can directly be calculated. Thus, charm quark@gea unique possibility to access the
properties of the gluons in the nucleon. Unfortunately, inNd®RASS the probability to observe
both charm quarks from the PGF-process is very low and thetesamples with two detected
charm quarks are by far too small for an asymmetry determimatThe gluon polarisation is
therefore measured from events, where only one charm quasldetected. It is therefore impor-
tant to detect this charm quark in such a way, that the foumerd@um of the charm quark can
be reconstructed. For the extraction of the gluon poladsathe partonic photon-gluon asym-
metry has to be calculated. This asymmetry is a function efkinematics of the photon-gluon
system and can be expressed by the Mandelstam variables pti¢tton-gluon interactios) £ and

d, which can be approximated, when the four-momentum of oaenclyuark is known. For such
an approximation, also the event variable, suctasry, are used as well as ttizmeson four-
momentum.

In many experiments charm quarks are detected either thrihegsecondary vertex of their decay
or through a lepton produced in a semi-leptonic decay cHan®er the analysis presented here,
neither method can be applied. Secondary vertices frormtldacays are excluded, because due
to the thick solid state target they cannot be resolved. €nha@-teptonic decays of charm quarks
are not considered, because in this channel the momentuhreafhiarm quark cannot be fully
reconstructed. Charm quarks are therefore only detecteddghrtheir fragmentation into charmed
mesons. At COMPASS energies, the meson most frequently pedda the fragmentation of a
charm quark is theD®-meson. About 55% of the charm quarks fragment in@%meson [63],
the other hadrons produced in charm fragmentation arBthg3%), DZ (10%) andAZ (7.6%).
This means, that for every PGF-event in COMPASS at leasDdhmeson is expected. About half
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of theseD ®-mesons are produced in the decay Bffa-meson [63]. During the fragmentation pro-
cess, about 80% of the initial momentum of the charm quanarssterred to th®-mesons, which
leads to a very good correlation between theneson and the charm momentum. Thus, from the
D-meson momentum the kinematics of the initial scatterirgg@ss can be approximated.

The charmed mesons are detected through their hadroniy deeanels. These decays are es-
sentially weak decays, where the charm quark is transfolimteda strange quark and a kaon is
produced. For example, {53 + 4%) of D%-decays a charged kaon, (#2 + 5%) a neutral kaon

is produced [5]. Thus, for a successful analysis of opennst@oduction from PGF processes,
a detector for particle identification of great importan€er this reason COMPASS is equipped
with a Ring-lImaging Cerenkov detector providing the disimetibetween pions and kaons.



Chapter 2
The COMPASS Experiment

The COMPASS experiment is located in the north area expetaheone of the SPSaccelerator

at CERN. It is designed to observe interactions between highgetic muons or hadrons with
nucleons in a fixed target. A two stage spectrometer is uselétect and measure all particles
produced in the scattering processes. As the COMPASS cddiabo pursues different physics
programmes, the exact setup of the experiment depends @t ongoing measurement.

This chapter is dedicated to the description of the experiaieset-up used in the measurement
of the gluon-polarisation in the years 2002-2004. The jp&dar beam and the polarised target
play an essential role in this measurement. They will beothiced in sections 2.1 and 2.2. The
following sections will present the detectors used to mesaand identify the particles produced in
the interactions. A particular emphasis is given to the RICtéder, since its information about
the particles identity is vital in the detection of charmeelsons. The data acquisition system used
to collect the data from the spectrometer will be shortlycdiégd in section 2.5. The last section
of this chapter will give a short overview over the changésonfuced to the spectrometer between
2004 and 2006.

The description of the experimental set-up in this chaptes ja focus on the detector systems
of interest for the measurement presented here. A detaélsdrightion of all components in the
COMPASS experiment can be found in [64].

2.1 The Muon Beam

The COMPASS experiment uses thie-beam provided by the CERN muon beam-line M2 [65].
This beam-line uses protons from the SPS accelerator. TB&dU proton beam produced in
SPSis directed on a 500 mm thick Beryllium target, shown a$ IiTigure 2.1. In the interaction
between the primary protons and the target material higlhgetie hadrons are produced. A sys-
tem of acceptance quadrupoles and dipoles (“B1-B3”) selaotspvithin a momentum band of
up to 225GeV. These pions are led into a 600m long decay twoméhining an array of focusing
and defocusing magnet (FODO) for a better focusing of thenbedter travelling this distance, a
fraction of the pions will have decayed through the paritlaiing weak decay into a muon and a

*Super Proton Synchrotron

27
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Figure 2.1: The set-up of the M2 beam-line. T6 stands for #grgllhum target used to
produce the secondary hadron beam, the bending magneisgthid beam on the COM-
PASS target are marked with triangles. For the hadron plymicgramme the hadron
absorber between B4 and B5 is removed.

p-neutrino. A hadron absorber system at the end of the turbselrbs undecayed hadrons, while
the muons penetrate its material. The SPS acceleratonsysgtuated about 20m under ground.
Hence, two systems of deflecting magnets are needed to thiesiseam onto the COMPASS target
located at ground level. The first system (“B4, B5”), surromgdihe hadron absorbers, directs the
beam upwards towards the surface. The second set of mafaétsB9”) guides the beam par-
allel to the surface and onto the target. At the same timetwibesystems of bending magnets are
also used to select the momentum of the muon beam. For tleistiesl a relative precision of 5%
can be achieved. For a more precise determination of thenimgpmuon momentum the second
dipole system is also used to measure the momentum of theningdoeam particle. During the
years 2002 - 2004, the different dipoles of the M2 beam-lieeenset to provide a muon beam of
160 GeV+5%.

The profile of the muon beam arriving on the target is shownguar& 2.2. The principle beam
component, indicated by the shaded area in figure 2.2, iswoded by an intense halo. This halo
consists of muons with not only a different trajectory butmost cases different momenta than
the principle beam component. As seen in figure 2.2, mostralans can be found in the “near
halo”, covering an area of up to 30cm around the principlatbeamponent. The “far halo” con-
sisting of significantly less particles extends over a muaghdr surface and covers the sensitive
areas of all detector components in the COMPASS spectromi&testo system installed before
the COMPASS target is used to distinguish between interastdthe principle beam component
and beam halo.

The muons of the M2 beam-line are naturally polarised duéeg production in the parity vi-
olating weak decay of piong™ — p* V. The conservation of momentum and spin in the
pion rest frame requires the decay muons to have negativ@tyel.e. the muon spin compo-
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Figure 2.2: Horizontal profile at the target centre for incognparticles obtained with
a random trigger. The shaded area corresponds to partiatssng through both target
cells.

nent parallel to the momentum is negative. Since for muoas#icity is not conserved under
Lorentz-transformations, not all muons have negativechigliin the laboratory frame. The fraction
of muons with negative helicity corresponding to the beahaniation,R,, depends on the ratio
of the energies of pion&;, and muonsk,,. It can be calculated using

Pp _ —mﬁ+ (1_2ET[/EH)nﬁ (2.1)

Mg — Mg
For the so-called muon programme, a beam momentum of 160 Ge\tchosen. With this muon
momentum an average beam polarisatior(-680 + 4)% was achieved in 2004, where a pion
beam energy of 172GeV was used. In 2002 and 2003, a pion en€fgy7 GeV was selected
leading to an average beam polarisatiori-e76 + 4)% for the same muon energy.

Since the beam optics allow for a spread of up to 5% of the muomemtum, a measurement of
the incoming beam patrticle is needed. This is achieved Wwélibeam momentum station (BMS). It
consists of six detectors that are placed before and aesytstem of bending magnets providing
the horizontal direction in front of the target (B6 in figurd 2. The three dipoles provide a total
deflection by 30mrad. In combination with the BMS, they alsaction as spectrometer magnets
and are used for a momentum determination. Four BMS detemterscintillator hodoscopes with

64 horizontal strips, which have a width of 5mm each. Theyareplemented by two scintillating
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fibre hodoscopes with 64 and 128 channels. All detectorseaiek out with photo-multiplier tubes
leading to a very high time resolution of 300ps. The sizeshefdifferent BMS detectors are
adapted to the beam cross sections at the different pasitgynmeasuring in the 6 BMS detectors
the position in the bending plane of dipoles, the momentusach incoming beam muon can be
determined.

The data taking in COMPASS is organised along the time strestgiven by the SPS. The proton
beam from the SPS is structured into spills. For the duratioa spill, the beam particles enter
the experiment continuously. A spill lasts typically84 and it is repeated every .84. During
normal beam operation, the proton intensity on the benylliarget “T6” is in the order of- 103
particles. With this proton intensity, a muon intensity bbat 2- 108 muons on the COMPASS
target is achieved with the 500 mm thick beryllium target.

A second time structure coming from the SPS operation areldler taking periods. Each data
taking period corresponds to several days of continuowstd&iing. In most cases, the data taking
periods are defined by the SPS schedule, which foreseerupiiens in the SPS operation once
per week. For stability reasons, all asymmetry measuresianEOMPASS are performed for
each data taking period separately.

2.2 The Polarised Target

For a precise measurement of cross-section asymmetriag) ealte of polarised scattering events
is needed. Because of the low cross-section of muon-nuctgeractions and the limitations in
the intensity of the muon beam, the nucleon target was degigmmobtain a high luminosity. This
is achieved using a thick target of solid state material jliog a high material density. The tar-
get is organised in two target cells of 60cm each, which apositely polarised. This allows a
simultaneous measurement of interactions with both nacégin directions.

Besides the high interaction rate, it is important for a ga®hametry measurement to have a large
fraction of polarisable material and a high polarisatiothaf target material. Both quantities scale
directly with the inverse of the statistical error, whil@thumber of detected events enters the pre-
cision of the measurement with a square-root. The targetnaatwas therefore chosen for a large
maximum polarisation and a large dilution factor, indingtthe amount of polarisable material.
In the years 2002-2002LiD was used as a target material. It has a high dilution fadtecause
not only the deuteron can be polarised. The Lithium nuclessdally consists of an unpolarisable
Helium core and a deuteron. Thus, the total fraction of peddle nuclei ifPLiD is around 40%.
Figure 2.3 gives a schematic view of the different componeeeded for the operation of a po-
larised target. In the following a short introduction to theget operation will be given. A detailed
description can be found in [66].

For the measurements with polarised nucleons, the twottaalls are installed inside a system
of two magnets. The solenoid magnet holds a longitudinal fedding to a longitudinal polarisa-
tion of the nucleons. In addition, a dipole magnet is usedaftransverse spin orientation of the
target nucleons. During the actual polarisation proce$stbe field of the solenoid is used. To
obtain a good polarisation, the solenoid generates a fi€dbdf with a homogeneity of better than
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Figure 2.3: Schematic view of the COMPASS target system.

2 + 107°. The field of the dipole magnet is®T, which is sufficient to hold the polarisation of
the already polarised nucleons. Only after the target nadigas polarised, the spins of the target
nucleons are rotated into the direction needed for the meamnt by changing the direction of the
net magnetic field using a super-composition of the soleandlithe dipole fields. This procedure
is also used to inverse the longitudinal spin orientations.

The polarisation of the target material is achieved withrtiethod of dynamic nuclear polarisa-
tion [67]. For this, electrons are injected into the targettenial during its production. During
operation, target material is kept at very low temperatures strong magnetic field of.2T. In
this environment the free electrons are polarised to ab&t,9vhile the deuteron nuclei have a
natural polarisation of 052%. The high polarisation of the electrons is transfetoetthe nucle-
ons through microwave irradiation of a suitable frequernoge to the spin resonance frequency
of the electrons. The microwaves incite a coupled spin-flip aucleon and an electron. While
the electron spin flips back almost instantaneously, théepacspin remains in the new state for
a longer time. This process continues for as long as therauleons whose spins are pointing
in the same direction as the electron spins. However, as aratenore nucleons have opposite
spin directions, the increase of polarisation will slow downce the desired polarisation has been
achieved, the spin configuration can be “frozen” by coolimgtarget to 50 mK.

The degree of polarisation of the target material is meastheough a system of NMR coils.
Around each cell up to five individual coils are installedn& only a part of the target volume is
monitored through the NMR coils, the polarisation in the a@mng volume is extrapolated from
the measured values.
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The operation of the polarised target requires extremealytéonperatures. They are provided by
a dilution refrigerator, in whose mixing chamber the twaytdrcells are installed. The dilution
refrigerator uses the mixing properties of ligdide and*He. When cooling a mixture of the two
Helium isotopes below a critical temperature @®K the mixture will develop two phases, which
differ in the concentration otHe in the liquid*He. The cooling mechanism is based on a phase
transition between the phase with a high concentratiotiHef to the other phase. For this phase
transition additional energy is required. Thus, by fordimig transition to take place continuously,
the mixture oPHe and*He can be cooled down to temperatures as low as 50 mK. At thegset-
atures, the relaxation time of the nucleon spin is severailthsy which explains the name “frozen
spin mode” for the target operation at this temperature.

2.3 The Spectrometer

The layout of the COMPASS spectrometer is shown in figure 2i4.organised in two spectrome-
ter stages combining a high momentum resolution with highukar acceptance. The large angle
spectrometer (LAS), immediately after the target, detpetsicles that are scattered at large an-
gles of up to 180mrad. The small angle spectrometer (SASjad for fast particles with angles
smaller than 30mrad. Both spectrometers are equipped widtides for track measurements.
The two spectrometer magnets, SM1 and SM2, are used for theentam determination. The
magnet in the first spectrometer, SM1, has an integrateddtetthgth of 10Tm. In the second
spectrometer, SM2, is used for the measurement of higherantanrand has therefore a higher
field-strength of 4 Tm.

The fixed-target geometry of the spectrometer entails a&lgrgdient of the particle rates in the
plane perpendicular to the beam direction. This gradiergflected in the choice of tracking de-
tectors covering the different segments of this plane. ebdeaors in regions with high particle
rates, high spacial and temporal resolution are neededdsethe ability to operate under high
particle fluxes. At larger distances from the beam, the reguents on the resolution become less
important than the need to cover large surfaces. As a resatty different technologies are used
for the tracking detectors.

In the beam region, tracking detectors are exposed to vghygarticle rates. In this region, detec-
tors are used to measure the beam and to detect particleselstattered at very small angles with
respect to the beam. These detectors require good timk#iescand short dead-time because of
the high rates they have to withstand. In COMPASS, this iseselul with 8 scintillating fibre
hodoscopes placed over the full length of the spectromdieese hodoscopes consist of stacks
of scintillating fibres, that are read out through photo-iplier tubes. The distance between two
channels lies between 0.4cm and 0.7 cm leading to an ovesdllution of the measured position
of 130um to 21Qum.

In addition, in the zone before the target three stationslioba micro-strip detectors are used to
measure the position of the incoming beam particles wittsalugion of about 15m. Because of
their relatively bad time resolution, they are combinechvinto scintillating fibre hodoscopes to
the so-called beam telescope. The position of the incomaagrbparticle measured by the beam
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Figure 2.4: Schematic view of the COMPASS spectrometer.

telescope has such a high resolution, that it determinesvthransverse coordinat&sY T of the
measured interaction vertex.

The Z-coordinate of the interaction vertex is determined from ¢hossing of the beam-trajectory
and the trajectory of outgoing particles. To obtain a goadkresolution for the outgoing tracks,
12 micro-mesh gas detectors (“Micromegas”) are placed idiately behind the target. These
gas detectors use a micro-strip read-out, with which a alpasolution of 9Qum was achieved.
The technological speciality of the Micromegas is a micresinthat divides the gas volume of the
detector into two regions. In the larger conversion regibe,space charge induced by a passing
particle is collected. In the only 1Q@n thick amplification region, this charge is amplified using
a very high potential. The micro-mesh limits the amplifioatprocess to the region close to the
anode, which ensures a fast evacuation of positive ionsonmbmation with the high granularity
of the detector, this results in a high rate capability andnaproved time-resolution of around
9ns. The active area of the detectors is>4@0cn? with a central hole of 5¢< 5cn?. Together
with scintillating fibre stations covering their centralléothe Micromegas can be used to detect
all outgoing particles up to angles of 70mrad.

At larger distances from the target, GEM detectors are usedver the area of up to 20cm around
the beam-line. These detectors use a different technot{nit the electron amplification to a

TIn COMPASS, a right handed coordinate system is used ZFtlieection of this system is given by the horizontal
direction of the beam at the position of target, ¥@xis is the horizontal direction, thé-axis the vertical direction
in the plane transverse to the beam. The origin of the coatéisystem lies in the COMPASS target.
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very confined region with a strong electric field. The ampdificn region of the GEM detectors
are small holes in copper-coated Capton foils. Across ths, faipotential difference is applied.
Inside the holes, the strong electric field multiplies tharges by up to a factor 20. Each detector
uses a stack of three foils to guarantee a safe and stablatiomer The read-out of the electric
signal is done via anode strips, providing a spacial reswiutf 50um and a time resolution of
around 12ns.

To cover the angular acceptance of 180 mrad, larger arddrigpdetectors are used. To this class
of detectors belong multi-wire proportional chambersftdinambers and straw drift tubes. All
of these detectors detect crossing particles by collet¢hiegelectrons from ionisation on signal
wires. The read-out electronic records the time of the arov the signal on the wire, thus mea-
suring the drift time of the electrons in the detector. THisves a spacial resolution that is better
than the resolution obtained from the wire spacings. The tiesolution of the measurement is
therefore directly related to the spacial resolution. Tee of these detectors is possible, because
in the outer regions of the spectrometer the detectors darexpmsed to high particle rates. To
ensure their safe operation, the large area tracking @egelbive holes around the centre where
the particle flux becomes too high.

Each of the two spectrometer stages is equipped with a nster system. Before 2006, the sys-
tem in the large angle spectrometer consisted of only a hadoalorimeter (HCAL1), while in
the small angle spectrometer an electromagnetic caloemiECALZ2) and a hadronic calorimeter
(HCAL2) were installed. The hadronic calorimeters absogbititident hadrons and measure the
deposited energy. They are build as sampling calorimetersisting of several layers of iron and
scintillating material. Inelastic reactions in the iromfgs cause a cascade of secondary particles.
The secondary particles are detected through the radiatiphotons in the scintillator layers of
the calorimeter. The photons are are detected by photapiers and converted to electronic sig-
nals. The integral of all light signals is a measure of thagnédeposited in the calorimeter. The
quick response of the scintillators in the hadron calorénatakes it suitable as an energy trigger
signal for the spectrometer.

The electromagnetic calorimeter ECALZ2 in the second spewter is a homogeneous lead glass
calorimeter, where the energy deposition and detectionraaocthe same medium. The electro-
magnetic shower is produced in the interaction betweemitwming particle and the heavy nuclei
of the lead glass. The shower electrons are detected thtbaglemission of Cerenkov light. The
light produced in the lead glass modules is converted tdreleic signals by photo-multipliers.
Behind the two calorimeter systems so-called “Muon Wall€ ased to unambiguously identify
muons in the spectrometer. These detectors take advarftdgefact, that muons, unlike hadrons,
penetrate large amounts of material before being stoppeddehtify muons by this character-
istics, the two Muon Walls consist of a combination of traxckidetectors and hadron absorbers.
In the large angle spectrometer, Muon Wall 1 has two trackitagions separated by a 60cm
iron absorber. Each detector stations consists of foursagemini drift tubes covering an area
400 x 200cnf. Muon Wall 2 in the second spectrometer has a 2.4m thick evaabsorber,
which is placed directly behind HCAL2. Behind the absorbeq $tations with each six layers of
steel drift tubes covering an area 447202 cnt are installed. In the beam region, these detectors
have a whole of 10& 80cn? which is covered by multi-wire proportional chambers.

In COMPASS, more than 300 tracking planes are installed inwlwespectrometers. They are
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arranged in different detector stations with at least twierBnt wire-orientations. Besides the
andY orientation with vertical and horizontal read-out wiras;lined planet)J andV are used,
where the wires have a angle betweerahd 45 with the horizontal and vertical directions. The
inclined planes are needed to resolve ambiguities causéaidyr more particles crossing the
same detector plane. Many detector stations have therpfanes with at least three different
orientations. In addition, on many stations more than orteatier plane is used with the same
orientation. Through this arrangement of more than onditgglane at the sami&-position, the
redundancy in the tracking system is ensured.

2.4 The Ring Imaging Cerenkov Detector

The Ring Imaging Cerenkov Detector [68, 69] is used to sep#nateutgoing hadrons into pions,
kaons and protons. It is placed behind SM1 and covers thefglular acceptance of the first
spectrometer. Its main component is a large gas vessel withuene of about 80 th
A high energetic particle crossing this gas vessel emits r&erephotons along its path. The
emission angle of the photos depends on the momentum and the mass of the particle and is
given by

1 1 m2c?
In COMPASS, the particle momentum is determined from thaglalt track in the spectrometers.
Thus, a measurement 6 provides the means to identify the particle from its restsnas
The momentum range, where this particle identification wetan be applied, is limited. Before
a particle will emit Cerenkov photons, its momentum has teeercthe threshold for Cerenkov
emission. From equation 2.2 it is clear, that Cerenkov eomssnly takes place, when

1
B <1. (2.3)
Thus, the Cerenkov threshold depends on the refractive inadxhe gas mixture used, as well
as on the particles mass. For the radiator ggB;6used for the RICH, the refractive index is
Nc,r,, = 1.00153 at 1 bar and a temperature of 20 The corresponding Cerenkov thresholds are
2.5GeV, 89GeV and 1® GeV for pions, kaons and protons, respectively.

The upper momentum limit for the particle identificationétated to the fact, that the RICH pro-
vides a measurement @f For high momenta, the difference phbetween a pion and a kaon
becomes very small. Thus, the particle identification tjioa measurement @fis no longer reli-
able. In the analysis presented in this thesis, an upper minmmecut for the particle identification
of 50GeV is used.

Figure 2.5 gives a schematic overview of the RICH detector. Caeenkov photons emitted by
the particles crossing the gas vessel are focussed ontedt@ut systems on the upstream side of
the detector. On this read-out plane, the photons emittezhbyparticle build ring segments. The
radius of these rings are a measure of the Cerenkov angles.

The focussing of the Cerenkov photons is achieved using arsyst 116 spherical mirrors. The
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Figure 2.5: Schematic view of the RICH detector. The photonitednby the particles
are focussed onto a read-out system on the upstream side @étidctor. This is achieved
with a system of two spherical mirrors.

mirror plane is split into an upper and a lower part, whicheéhavsmall tilt relative to the verti-
cal plane, so that the photons are reflected either up- orwavds onto the two photo-detectors.
With this geometry, the photo-cathodes are installed datgie acceptance of the spectrometer in
a region with lower patrticle rates.

For the detection of the Cerenkov photons, multi-wire prapoal chambers with Csl photo cath-
odes are used. The two systems in the upper and lower pareafdtector consist each of 4
chambers. Their sensitive surface o86¥ is covered with Csl photo cathodes ok@mn?,
giving a total of 84000 read-out channels.

2.5 The Data Acquisition System

The COMPASS data acquisition system (DAQ) [70] collects thgroduced in the over 200000
detector channels of the COMPASS spectrometer and comlhieestb the detector events stored
on tape.

This is done in several steps. In the front-end electromdsch are mounted directly on the
detectors, the information is digitised immediately oneqgieon from the detector channels. After
the arrival of a trigger signal from the trigger control st (TCS), the data are transferred via
fast links to readout-driver modules named CATCH and GeSiCAs&hmodules combine the data
from up to 16 front-end cards into sub-events, before trattisig them via optical fibres into the
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central DAQ.

The computer system of the DAQ is organised in two separaigtars. The read-out buffers
(ROBS) collect the data sent by the CATCHES and store them olbsifier cards. Each ROB
only receives the data from the detector components it is@cted to. The spill-buffers are capable
of storing the data from more than one spill at the same time.

The detector events are assembled from the informatioredR@Bs by the event builders (EOB).
The events builders constitute a cluster of 12 computer&ingrin parallel to process the data
delivered by the spectrometer. After their combinatior, dinline filter is applied to the detector
events. This software is run on all event builders. It has tamponents. The software trigger
selects good events using algorithms for the raw detecfornmation. In 2004, the algorithm
consisted in a verification, that the event contained a beack tith enough hits in the BMS to
reconstruct its momentum. In addition, a quality filter i®dido remove events with too many
errors in the collected data.

From the event builders the data are directly transferrédeCERN computer centre, where they
are stored on tape. The DAQ stores the collected data in sgnoplabout 200 spills, called run.
Each spill contains around 50000 event with an average $i2@ kB, corresponding to a data
volume of around 2 GB per spill. During one year of data takseyeral hundred Terabyte of data
are recorded.

2.6 Changes to the Spectrometer after 2004

The long SPS-shutdown between the run in 2004 and 2006 madsstble to introduce several
large improvements to the spectrometer. Here, only the mp&irtant changes will be mentioned.
Additional information about the upgrade projects can hatbin [64].

The most significant improvement was the installation of\a terget solenoid with an increased
angular acceptance of 180mrad instead of the 70mrad aleaiflabthe previous target magnet.
To ensure track reconstruction over the enlarged acceptaadracking detectors in the LAS were
rearranged and new tracking stations were added. Sinc@éutreameter was originally designed
for a 180mrad acceptance, the RICH detector in the LAS alreadgred this acceptance. The
same was true for the hadronic calorimeter and the muon m&ttlied in the first spectrometer.
The RICH detector was improved significantly during the breaR005. The system for photo-
detection in the inner four sectors of the RICH was replaceeé.niéw system based on MAPMTs
allows a more efficient background rejection due to a higtetmesolution of a few ns. Besides
the photon-detectors also new optical telescopes werallesdtreducing the signal distortion in
this region. In the outer parts of the RICH, the electronic reatof the photo-cathodes was
exchanged to reduce the time gates used in the read-out. théthmprovements of the RICH
detectors a better association of detected photons to ttieles of the event was achieved and a
better suppression of uncorrelated background was olotairtes has greatly enhanced the signals
of hadrons in the RICH. Most importantly, the efficiency andfyuwf the kaon identification have
increased strongly leading to an improvement by a factobotia2 in the effective signal of the
reconstructe@®-mesons.

The third big improvement of the spectrometer was the conaplef the calorimeter system of
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the LAS with the installation of an electromagnetic calagtar, providing the possibility to detect
photons and neutral pions, that were scattered at largesntihe lead glass calorimeter, ECAL1L,
with similar properties as ECALZ2, was installed in the frea@pbetween the RICH and HCAL1.
Before the calorimeter, a pre-shower detector, so-callediWall”, was installed. The shower
process of electromagnetic and hadronic particles stahisndetectors, which is a combination
of drift chambers and lead plates, allowing a better dedaadf the impact point of the particles
on the calorimeters. The effect of the completion of the madeter system in the first calorimeter
will also be discussed in the next chapter, where the triggstem is presented.



Chapter 3

The Trigger System in the Runs 2006 and
2007

The COMPASS experiment uses a single layer trigger systeretexrtinelastic interactions be-
tween the incoming muons and the target material. The maintesignature used for triggering is
a muon, whose momentum and angle are changed during thersaaih the target. The second
trigger criterion are energy deposits in the calorimetedscating that high energetic hadrons were
produced. Because of the large halo component, a veto systesed to ensure the sensitivity of
the trigger to interactions inside the COMPASS target only.

As described in section 2.6, several changes were intradiackhhe COMPASS spectrometer be-
fore 2006. As a consequence, the trigger system was adaptied hew situation. On one hand,
a new veto detector was build, that could be operated in thgneter field of the new target. On
the other hand, the new electromagnetic calorimeter ECALS adiled to the trigger scheme.
The addition of ECALL1 to the spectrometer introduced a canraiole change in the trigger setup.
Therefore, several studies were performed to optimise $leeofi information from ECAL1 and
HCALL in the trigger.

This chapter puts a special focus to the changes introducteettrigger system before the runs
2006 and 2007. It starts with a short introduction to the miryer system, as it was used in
2004 and with some changes also in 2006 and 2007. A detaikxtipgon of the trigger system
as it was used in the year 2004 can be found in [71]. The secextibs of this chapter is then
dedicated to a discussion of ECAL1 and its integration to tlemtrigger. The last section will
present the new veto station build for the operation clogbedmew target magnet.

3.1 The COMPASS Muon Trigger

The COMPASS muon trigger system is designed to be sensitivke&p-inelastic scattering events
with large momentum transfei®? > 0.5Ge\? as well as quasi-real photo-production events
(Q? ~ 0GeV\P). To cover such a large kinematic range of interactions tiilgger uses several
hodoscope systems to detect and identify the scattered.ra@h hodoscope system is composed
of two hodoscopes located at differedvpositions in the spectrometer. In the case of horizontal
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Figure 3.1: Location of the different trigger componentghia spectrometer.

strips, the information of the two hodoscopes can be condltimeneasure the vertical component
of the scattering angle (vertical target pointing). Hodgses with vertical strips are used for an
estimation of the energy of the scattered muon. For thisyéhnical strips provide two positions
in the bending plane of the spectrometer magnets. This measmt is used for the quasi-real
photo-production, where the scattering angles are extyesneall.

Besides the information from the hodoscopes, the energjessded in the calorimeters are used
for triggering. Large energies in the calorimeters are a &g a inelastic interaction. Thus, the
information about energies in the calorimeters can be usedhprove the selectiveness of the
hodoscope triggers. In addition, one can directly triggetasge energy deposits of the calorime-
ters. Such a stand-alone calorimeter trigger is sensitivevents, where the scattered muon is
not seen. It contributes mainly in kinematic regions th& geometrically not covered by the
hodoscopes systems. In the years 2002-2004, the triggguseat information coming from the
hadron calorimeters HCAL1 and HCAL2. After 2006, the signaterf ECAL1 were also avail-
able, which will be presented in section 3.2.3.

Because of the large beam halo, neither the hodoscope iggethe calorimetric trigger can be
used without a veto system. The veto system consists oflktimt detectors, covering the region
outside the target. All muons, that do not enter the targigteabominal position, will fire the veto,
which will block the trigger system.

The following three sections will give more details abowgl three systems of the trigger.

3.1.1 The Hodoscope Systems

The trigger system uses four different hodoscope systehsr positions are shown in figure 3.1.
The hodoscope triggers for quasi-real photo-productierttae “Inner Trigger” (H4l and H5I) and
the “Ladder Trigger” (H4L and H5L). They have vertical sgignd are used for an estimation of the
energy lossuin the interaction. The hodoscopes for “Outer Trigger” wittrizontal strips (H30
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Figure 3.2: Illustration of the trigger concept of the enydass trigger.

and H40) are used for vertical target pointing. The “Middieger” consists of four hodoscopes,
two of which have horizontal (H4MH and H5MH) strips and twahwertical strips (H4MV and
H5MV). It can be used for an estimation of the muon energy dkagehe vertical component of
it's scattering angle.

As shown in figure 3.1, at least one hodoscope of each systelaced behind a hadron absorber.
These hodoscopes are therefore also used to separate tileeestenuon from outgoing hadrons.
A trigger can only be produced, if both hodoscopes detegbéhnicle.

For triggering on the energy loss of the muon in the targed, éhergy of the scattered muon
is estimated from its horizontal deflection in the spectrtanenagnets. The trigger scheme for
quasi-real photo-production is constructed to efficies®yect muons with a minimum energy
loss abovey > 0.2. Events with a smaller energy loss are not interesting Herasymmetry
measurements performed by COMPASS, because the depatarifadtorD (see equation 1.25)
becomes small for very low. The principle of the energy loss trigger is illustrated gufie 3.2.
The two muon hits in the hodoscopes are correlated electaliyiusing a coincidence matrix. In
this matrix a check is done, whether the hit is coming from amscattered in the target, or a
beam particle. A muon, that has lost energy in the targegfiscted differently in the spectrometer
magnets than the beam and will therefore have differentdmtlinations on the hodoscopes. The
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illustration of the coincidence matrix shows the patterralbdwed hit combinations. For each
strip in the first hodoscope, there is one strip in the secaab$cope corresponding yo= 0.2.
This strip combination corresponds to a good combinatiothfe energy loss trigger. In addition,
all combinations where the strip in the second hodoscoparikdr left, are also allowed. They
correspond to an energy logs> 0.2.

Figure 3.2 also indicates, that the information from thedsapes is combined with signals from
the calorimeters to build the trigger. This additional regonent is needed due to the strong
background from elastic-scattering off target electraadjative interactions with nuclei and the
beam halo. None of the background processes are expectextitacp hadrons with large energies.
Therefore, the addition of the calorimeters to the energyg tagger provides a good possibility to
increase the trigger purity.

The vertical target pointing of the triggers for deep-iséilascattering has a similar set-up as the
energy loss trigger. The signals of the two hodoscopes anbiced to the trigger signal using a
coincidence matrix. The pattern of allowed hit combinasiedifferent. For each horizontal strip
of the first hodoscope, only one strip in the second hodoscapée fired, if the muon is coming
from the target. Thus, the matrix pattern for the verticadéd pointing corresponds to one band
of allowed combinations.

The geometry of the four hodoscope systems of the COMPASS tnigger was chosen to fully
cover the kinematiy — Q? plane. This is shown in figure 3.3, where the kinematic rarajes
the different triggers are shown. The “Inner Trigger” is dise cover the range of smallegand
Q2. To access really smayl the two “Inner” hodoscopes are located close to the nonfieam
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position. To cope with the high patrticle flux at this posittbeir strips have a width of 6 mm (H41)
and 12mm (H5I), keeping the rates of individual strips ahdst the rate of random coincidences
to a reasonable level. The “Ladder Trigger’ complementslieer Trigger” in the lowQ? range.
Itis placed farther away from the beam and is used to deteggi@nergy losses. The strips of the
“Ladder” hodoscopes are increasing in width for larger asgiThis allows a coverage up to very
large values of with the 32 channels available for the coincidence matrices

The geometries of the two hodoscope systems for vertiagtgointing reflect the accuracy with
which the angle of the outgoing muon can be measured. Due ltgppfewcoulomb scattering inside
the solid state target as well as inside the hadron absorttersangles of the scattered muons
display a Gaussian smearing around their true value. Aethed bf the hodoscopes, this smearing
amounts to several centimetres. The widths of the hodoscepee therefore set to 6.2cm and
7.7cm for the “Middle Vertical” hodoscopes (H4MV and H5M\For the “Outer Trigger” the
scintillator strips with 7cm are used for H30, which is plddeefore the hadron absorber, and
strips with 15cm are used for H40.

3.1.2 The Calorimetric Triggers

The trigger concept for the calorimeter trigger is based len énergy deposits in clusters of
calorimeter modules. The use of clusters instead of an greengn of each calorimeter is nec-
essary, because of the large amount of halo muons crossncatbrimeters and leaving small
energy deposits. By looking only at small regions of the caleters, a fake trigger produced by
two or more halo muons crossing the calorimeter at the sameedan be suppressed.

The clustering of calorimeter modules is done using theaged sums of the modules. The sum-
mation electronic takes a small fraction of the analogueagof each module before the rest of
the signals are converted into digital signals for the saathdead-out. The trigger uses the energy
deposited in regions of 4 4 calorimeter cells calculated from the sum of the analoggreats. To
avoid inefficiencies at the edges of thex4 -cell regions, the summing is done in two steps and
four layers, as illustrated in figure 3.4. In a first step, thalague signals coming fromx22 -cells
are summed up. Four copies of the resulting sums are thenagedd four different sums with

4 x 4-cells, where it contributes the upper right, upper lefiyér right and lower left part of the
sum. In figure 3.4 the sum of22-cells shown by the four filled squares is used for the foursu
of 4 x 4-cells that are shown by the four big hatched squares. $lakso illustrated in the sketch
showing the two summation steps. The signal from the firstsation step is used in four of the
second summations steps.

The result of this staggered summation are four completr$ayf sums of 4« 4-cells. Inefficien-
cies for cluster detection occurring between two summatgions of one layer are compensated
in the other layers. For triggering purposes, the signathed x 4 -cells are discriminated using
constant-fraction discriminators. The discriminatorcéienics provides two useful feature for the
trigger. First, not one threshold, but two independentghoéds can be applied to each sum pro-
viding also two independent signals for the trigger. In &ddi the discriminator information of
all sums from one layer can be evaluated together to applgtitons on the number of clusters,
that were found. This requirement on the cluster multiplics useful in situations, where more
than one hadron is produced in the primary interaction.
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Figure 3.4: The summation scheme of the two calorimetrgg#r systems: From the
analogue signals of the individual cells the amplitudes ef 2-cell squares are build.
Each amplitude is used in the determination of four 4-cell squares, where it takes
up the lower right lower left, upper right and upper left gaof the larger sums. In this
example, the sum of 2 2-cells indicated by the filled square is used in the four sams
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The information of the calorimetric trigger contributesthe full trigger system in two ways. On
one hand, the calorimeter information helps to suppreskgoaand in triggers, that also use ho-
doscope systems. On the other hand, the pure calorimegigetris used as a stand-alone trigger
to reach regions of higheD?. The trigger thresholds used for the two applications amseh
independently. The threshold for the stand-alone triggeet to higher values than for the signal,
which is combined with the hodoscopes. This reflects the faet in the combined trigger the
information of two systems is used together, which alreadyides a better background suppres-
sion.

The thresholds for the energy deposition are chosen as gtawf the minimum ionising particle
energy deposit (MIP) in the calorimeters as the largest drackd signal in the calorimeters is
coming from halo muons. One MIP corresponds to 1.8GeV in HCAQhd 2.3GeV in HCAL2.
For the calorimetric contribution to the hodoscope triggaeriow threshold of 3 MIP was used.
This threshold was applied on one of the discriminators chdayers. A second contribution
to this signal was coming from the second discriminatorsaaf kayers, where in addition to an
energy threshold of 2 MIP the requirement for a cluster mlidiity of two was implemented.
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Figure 3.5: The principle of the veto system for fake scattemuons. The trajectory
labelledpy, corresponds to a beam muon scattering in the target, thaesautrigger in
the hodoscopes. The two other trajectorigsgndps) are from halo muons, that would
cause a trigger, which is suppressed by the veto system.

The second discriminators of the remaining two layers wesgldor the pure calorimetric trigger.
Because of the strong dependence of the trigger rate on theteelthreshold, the threshold was
adapted to the capacity of the data acquisition. In 2004 @evat 4 MIP was selected, while in
the years before a much higher threshold around 9 MIP was Udezlthreshold setting of 2006
and 2007 will be discussed in the context of the new triggarguthe electromagnetic calorimeter
ECALL.

3.1.3 The Veto System

The purpose of the veto system is to suppress triggers thatimaduced by halo muons. For the
triggers based on vertical target pointing, they congitbe main source of background. For their
suppression the veto system before the target is very iapiort

Halo muons cause triggers in two ways. They can interact widiterial in the spectrometers
producing hadrons that deposit enough energy in the cadteirs to provoke a trigger. Secondly,
a muon crossing the spectrometer under a certain angle karafacattered muon in one of the
hodoscope systems and, by this, cause a trigger. Thisssrdbed in figure 3.5. To suppress these
fake triggers, several veto detectors are placed in frotiie@farget. If any of the veto detectors is
hit by a halo muon, the veto system blocks all triggers.

The veto system essentially consists of two stations,\@bal Veto placed at 8 m and 2m before
the target. Vetpconsists of one detector with 4 small scintillators covgarsurface of 3& 30 cn?
with a beam hole of 4cm diameter. Vet a composition of several detectors. The smallest, inner
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detector is of similar size as Vetowhile two detectors with larger scintillator strips areedgo
cover a surface similar to that of the calorimeters. Thidahof detector sizes was done to obtain
a good time resolution in the region, where the halo has hatgsr With a good time resolution,
small veto gates can be applied, which reduces the dead fithe geto system.

While Veto, essentially suppresses all muons outside the beam spog Was added to limit
the beam divergence. The two holes of \feamd Veto allow the maximum divergence of the
beam to be 7mrad. Since this is too large for an efficient ggmon of halo induced triggers
in the “Middle Trigger”, a third veto station with 4 small @éetors around a beam hole of 10cm
diameter was placed 20m upstream of the target.

From the different veto detectors, two veto signals aredbuiThe so-called/q: is the logical
“OR” of all veto detectors. It is used for the pure “Calorimeteigger”, the “Outer Trigger” and
the “Middle Trigger”. The systems triggering on energy la@se less sensitive to halo muons.
Therefore, no veto is applied on the “Inner Trigger”. The ddar Trigger” is combined with
different veto signal, that only contains the informatidrttee outer two detectors of Vefo This

is needed due to the geometrical overlap of the “Ladder €riggnd the hadron calorimeters.

3.2 The Introduction of ECAL1 to the spectrometer

Before the data taking in 2006 the electromagnetic caloemECAL1 was installed in front of
HCALL. For the trigger, this resulted in two changes of theugetompared to 2004. On one hand,
a trigger for ECAL1 was installed, on the other hand, the &rggpnditions for HCAL1 needed to
be revised. Because of the additional material in front of HCAthe energy deposited by hadrons
in HCAL1 is decreased. For HCALZ2, the introduction of ECAL1 hadeffect.

3.2.1 The Electromagnetic Calorimeter ECAL1

The electromagnetic calorimeter ECAL1 consists of 1500 ¢gass modules that are read out with
photo multipliers. To cover its surface 0b42.9 n? three different module types with different cell
sizes are used. The geometry of ECALL is shown in figure 3.6.|3igest cells, called OLGA
blocks, are used to cover the outer parts of ECALL. In thisoreginly small particle rates are
expected, therefore, only a moderate space resolutioredaae In the central region, the upper
and lower parts of the calorimeter are filled with so-calleAIMZ blocks and the central part is
covered with even smaller modules, named GAMS blocks. Treettypes of lead glass modules
and their properties are presented in table 3.1. All thredules have been used in previous
experiments, where their properties were determined, dradgave the modules their names.

3.2.2 The Effect of ECAL1 on the Trigger

Before ECAL1 was introduced to the spectrometer, the Muogget System, as presented in the
previous section, was performing with high efficiency, sefgy not only events within a large
kinematic region, but also with one or more hadrons in thd §iteie. Therefore, it was very desir-
able that the properties of the trigger should change &es &t possible between the runs in 2004
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Figure 3.6: The layout of the electromagnetic calorimet@AEL.

and in 2006.

The introduction of ECAL1 had, however, a large effect on thgger, since it changed the
hadronic energy deposits in HCAL1. Therefore, some effostmade to understand the behaviour
of hadrons being stopped in the double-calorimeter ECAL1-HCANd, as a consequence, to ad-
just the trigger system to the new situation. This adjustmes done in two steps. During the run
in 2006, the settings for HCAL1 were adapted to the new sitnadind a new trigger system for
ECAL1 was designed and tested [76]. Only after these test fivesbed, a full trigger system for
ECAL1 was developed and added to the trigger in 2007.

Results of Monte Carlo Studies

Before the installation of ECAL1, Monte Carlo generated everaie studied for a first estimation

of the effect. For the generation, the open-charm produagirocess in photon-gluon fusion was
chosen, because this channel is used in the evaluation gfuiba polarisation, the main physics
goal of the COMPASS experiment. The analysis uses eventsevetidéeast two hadrons are pro-
duced. Open charm events are therefore well-suited to shedgffect of ECAL1 on hadrons.

For each generated Monte Carlo event, the detector respasssimulated twice, once with and

once without the ECALL1 in the spectrometer. The reconstduetents from the two simulations

were compared and from the number of reconstrubteanesons in the two Monte Carlo samples,
a possible effect of ECAL1 was estimated. A total of 25000 &s/euere processed in this way. For
this study, a preliminary description of ECAL1 in the COMPAS®&rometer was used, which
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ECAL1 Modules

OLGA MAINZ GAMS
Lead Glass type SF5 SF57 TF1
PbO-Content (mass) 55 75 50
Density [g/cn] 4.08 5.51 3.86
Radiation length X0 [cm] 2.54 1.55 2.74
Moliére radius [cm] 4.3 2.61 4.7
Surface [cr] 14 x 14 75x 75 3.82 x 3.82
Length [cm] a7 36 45
Length [XO0] 18.5 23.3 16.42
Energy resolution2E) \/% ¢ 0.08 % ¢ 0.02 \/Eo[é—ew ©0.015
Previous Experiments | NA14 [72], WA92 [73] | WA98 [74] NA12 [75]

Table 3.1: Properties of the three lead glass modules ude@AlL1

did not yet incorporate the full simulation of the respons§&GAL1. However, the material of
ECALL1 was correctly described, so the energy loss of hadroBE€AL1 and the change of signals
in HCALL1 could be estimated in this study.
The first result of this study was a reduction of tBe¢ signal by about 15%, when ECAL1 was
part of the detector. Since ti&*-mesons are reconstructed using only the information fioen t
tracking system, this loss in the signal was produced inrilggdr system. The majority of the
events with D*-meson in the final state are produced at very @% where in the trigger a ho-
doscope signal and a signal from the calorimeters is neetled.second largest contribution is
coming from the pure calorimetric trigger, which was firedeblgigh energetic hadron.

The same event reduction as in tBe-signal was also observed for the background events. This
confirms the connection with the trigger. The event losdfitseild be reduced by applying stricter
cuts on the selecteB* candidates. These selection cuts mostly result in requirigher particle
momenta for the decay products of tle*. The dependence of the event loss on the kinemat-
ics of the D* candidate is shown in figure 3.7. In this figure, the ratio @orestructed events
with ECALL1 to reconstructed events without ECALL1 in the Montel@aimulation is shown as

a function ofQ? andy (blue points, scale on the right). While this ratio is relaljflat over the
range ofQ?, a clear slope can be observed in the dependenge &or smally, a much larger
fraction of the events is not detected by the trigger. Fons/aith a small muon energy logs

the hadrons in the final state have small momenta, since Hitalle energy in the final state is
small. In figure 3.7, the points with the event ratios are atsmpared to the distribution of events
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Figure 3.7: The dependence of the event los€Qdrandy. The blue points (scale on
the right) show the ratio of reconstruct& events from the simulation with ECALL1 in
the spectrometer to the reconstructed events without ECAL1 in the spectrometer as
a function of the event kinematic3® andy. The filled histograms show the distribution
of the events used in the asymmetry determination. The sweeite weighted with the
analysing poweay| used in the(%> analysis.

from real data taken in 2003 (filled histograms). The evanthé histograms were weighted with
their analysing poweal ®F (see section 7.3.1). This quantity describes the sertgitifithe event

to the gluon polarisation. The weighting was applied, bseay, depends strongly op From
the weighted events the overall effect on the open charnysisatan be more easily evaluated.
The figure shows, that the largest relative losses appeagions that do not contribute much
to the measurement of the gluon polarisation. Thereforly, arsmall effect of ECALL on the
measurement of the gluon polarisation from the open chaamral is expected. At this point it
should be noted, that for other physics channels analys€EDMPASS, larger effects of ECAL1
could be expected. This is particularly the case for seliiBive measurements with transversely
polarised target nucleons, where the sensitivity for tlyeresetry is largest for smayl. Therefore,

a trigger system including signals from ECAL1 was designediianluded in the installation of
ECALL.

As a next step, a deeper study was performed to learn more #ibehaviour of the hadrons
in the double-calorimeter ECAL1-HCALL. The aim of this studgsato evaluate the possibilities
for triggering on the energy deposited in the two calorimetd®ue to the complex geometry of
ECALL, the possibility of a combined trigger for HCAL1 and ECAlhs ruled out very early.
The search for geometrically correlated clusters in thedalorimeters is too complex to be per-
formed in the limits given for the trigger system. Howevag possibility of including this search
to the tasks of the online filter system (see section 2.5)irsghievestigated for the data taken for
the future hadron programme.
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Figure 3.8: The ratio of cluster energy and track momenthaersample without ECAL1
in the simulation. The four curves show the histograms ohatlrons together and the
distributions of pions and kaons and slow pions separakaly.all three decay particles
of the D* more than 95% of the particles energy is reconstructed.

The main goal of the Monte Carlo study was therefore to undedsbetter the individual energy
deposits in the two calorimeters. For this purpose energstets belonging to the kaons from the
D* decay were used. The momenta of these kaons are high enoexjbeict large energy deposits
in the calorimeters. As mentioned before, the simulateahtsveould only be used to study the
clusters in HCALL1.

The most important result of this investigation is illuséchin figures 3.8 and 3.9. In both figures,
the ratio of the reconstructed cluster enekyo the track momentunp is shown. Figure 3.8
displays the distribution oE / p for events from the simulation without ECAL1. The diagram
contains four histograms: The black histogram is the coetbufistribution for all decay products
from the D*-mesons. The three other histograms show the distributbpsons, kaons and slow
pions produced in the simulated*-events. All four histograms show a rather broad Gaussian
distribution peaking at values around 0.95. Thus, for thenésample almost the full energy of
the hadrons is found in the reconstructed clusters.

Figure 3.9 shows the distribution &/ p for the kaon candidates of the sample produced with
ECALL included in the simulation. In this case, the sampleutsdévided into kaons, where the
standard track-cluster matching algorithm did find theesponding cluster in HCAL1, and those
kaons, where the automatic procedure did not find a clustgralsimple minimal distance re-
quirement could be used to find the HCALL1 clusters. In the @ofghis study, it was noticed,
that the standard track-cluster matching failed in the casere the hadronic shower started in
ECALL. So, the black histogram in figure 3.9 corresponds tokdens, which started shower-
ing in ECAL1, while the red histogram is from the kaons, whictlyasshowered in HCAL1. The
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Figure 3.9: The ratio of cluster energy and track momentaensample with ECAL1 in
the simulation. The sample of kaons from tB&-decay was divided into kaons, where
the shower started in ECAL1, and those, where it only startétiGAL1 (see description
in the text for more details).

distributions show again Gaussian-like peaks, howevar thaxima are shifted towards signifi-
cantly lower values. In the case, when the showering staftsJAL1 and the full shower should
be contained in this calorimeter, the reconstructed alestergy only corresponds to 80% of the
particles energy. For the sample, where the shower start&€CAL1, even smaller fractions of
the energy are detected. The peak is at a value of 50%. Ingeefia the kaons observed in this
sample, only 70% of the particle energy is found in the rettanted clusters.

These results from the Monte Carlo simulation correspondhiytto the expectations for ECALI.
The depth of ECAL1 corresponds to about 1-1.2 nuclear interadength, depending on the
calorimeter modules. Therefore, one expects, that &nglof the hadrons reach HCAL1 without
starting to shower. For the particles, where the shower @id ;1 ECAL1, one still expects to
observe a significant part of the energy in HCALL. This agreids thie findings from the Monte
Carlo simulation.

Changes for 2006

From the Monte Carlo studies it was concluded, that the erpdciss of hadronic events from

the introduction of ECAL1 in the calorimeter could be rec@geby lowering the thresholds in the

trigger logic in HCALL. For theD*-signal it was estimated, that a lowering of the threshabds t
60— 70% of their values in 2004 most of the loss induced by ECAL1Id/de recovered.



52 Chapter 3 The Trigger System in the Runs 2006 and 2007

The lowering of the thresholds was done in 2 steps. At thenmgg of the data taking the lower
thresholds for HCAL1, contributing to the energy loss triggaevere lowered from 3 MIP to 2
MIP. The pure calorimetric trigger was kept at its originalue from 2004. The lowering of the
thresholds resulted in a very strong increase of the trigages. For this reason, the thresholds
of the pure calorimetric trigger were only lowered to a vatdi® MIP, when the online filter was
activated, which increased the capacity of the DAQ. Thestiwot for HCAL2 were kept at the old
values of 3 MIP and 4 MIP, because the situation for HCAL?2 ditelmnge between 2004 and
2006.

In addition, a test trigger system was installed in ECALL. sTéystem was not included to the
normal physics triggers, but provided a good possibilitgtialy the trigger signals from ECALL.
One important contribution from the test run in 2006 wast tha signals from all 1500 individual
calorimeter modules were investigated.

Results from data taken in 2006

The data from the 2006 run were used to study the doublewssdter ECAL1-HCAL1 with real
data. For the development of a trigger scheme including ECgigdals in the muon trigger, two
main questions had to be answered. The energy deposited ihE@#d HCAL1 by hadrons had
to be measured. Secondly, the cluster sizes and shapes in H@Ate studied, especially for
particles with a shower starting in ECAL1. A detailed repdrih@se studies can be found in [76].
Figure 3.10 provides a summary of the studies on energy deponsECAL1 and HCALL. It
shows the energy sharing between both calorimeters fortpacks in different trigger conditions.
To suppress background from electromagnetic showers, matys identified in the RICH were
used. Their momentum was selected to be between 5GeV andvl,0ibéch is the energy range,
where most effects from ECALL are expected. The diagrams shewistribution of the relative
energyn = Ecei/p in the calorimeters around the impact point of the trackse @&l energies
Ecenl from the cluster cells were divided by the track momentuio obtain distributions that are
independent of the track momentum. The distribution of #lative energy deposited in ECAL1
is shown on the left and for HCAL1 on the right. The black boxws@pproximately the area
used in the summation schemes of the trigger electronics.

The top row shows the two distributions for events, where‘@edorimeter Trigger” was active,
which indicates that a high energetic cluster was found in HCAn the middle row, the “Middle
Trigger” was active. This trigger requires a cluster withearergy above the lower threshold in
HCAL1. The bottom row shows the diagrams, where the “Inclididdle Trigger” was active,
but no signal was seen in the “Middle Trigger”. The “Inclusividdle Trigger” only requires
the hodoscope signals for a trigger signal, but no caloemeformation. Thus, the bottom row
shows events, where a hadronic track was present in the distimeter, but it was not seen by
the trigger system for HCAL1.

The diagrams allow several conclusions. First, and mosttlyr visible, is the fact, thatin ECAL1
and HCAL1 the deposited energies are well contained witheratiea used by the trigger summa-
tion schemes. Especially in the lower right plot, there ismtbcation, that the lower threshold of
HCALL1 did not give a signal, because too much energy was lastlis outside this area.
Furthermore, the plots show the sharing of the depositetygne the two calorimeters. Going
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Figure 3.10:The distribution of energy from hadrons in ECAL1 and HCAL1 for datetaln 2006. Each
diagram shows the average energy fractips- E.e/p deposited by a hadrofb-10GeV) around the track
impact point. The left (right) plots show the distributions in ECAL1 (HCAL19r B description of the different
trigger conditions, see text. Note that the colour scales vary between tse Tihis plot was taken from [76].
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from the upper to the lower plot one can see, that the enenggsits in ECALL1 increase slightly,
while the deposits in HCAL1 decrease significantly. Thisdréecomes much more pronounced
when looking at the energy deposits within the triggerirgjors of 20x 20cnt for ECAL1 and
40 x 40cn? for HCAL1. In the events, where a hadronic trigger signal veagiired, around 40%
of the particles energy is found in the HCAL1 cluster. Thicfian goes down to about 10% in
the lowest diagram. These numbers are smaller than what eeasis the Monte Carlo study.
However, the selection of the tracks entering the two studiere different. In the Monte Carlo
sample, only one process was considered. In this study feaihdata, no specific event selec-
tion was applied, allowing all tracks from all kinds of prgses to enter the study. In addition,
the momentum range used for the real data was also chosereditfy. These differences in the
track selection can account for some of the differencesartwo results. However, a study using
reconstructed *-mesons would require the complete production of the d&entan 2006, which
was not available for this study. Another explanation f@ ¢ibserved discrepancies in the energy
deposits is the so-called “RichWall” detector, that wasahet in front of ECALL. It was con-
structed as a pre-shower for ECAL1 and is build as a sandwittacking planes and lead-steal
plates. This detector was not simulated in the Monte Carlailgitions. Since the total thickness
of the converter material amounts to 3 radiation lengthhasd have an effect on the energy de-
posits in ECAL1 and HCAL1.

In the meantime, a complete description of the response oflHGHd the RichWall for Monte
Carlo simulations is in preparation. This will provide thespibility for a detailed comparison of
the energy sharing in data and Monte Carlo. In addition, testrbstudies were performed to mea-
sure the energy distribution in ECALL1 lead glass cells and HCAilodules for hadronic tracks
with high statistics. The first results of these studies amsraarised in [77].

3.2.3 The ECALL trigger

During the run in 2006, a test trigger for the signals of ECALAswised to study the properties
of ECALL as well as the possibilities for a trigger on ECAL1 stm In 2007, this system was
improved and adapted to the existing muon trigger. The &$opned with the set-up in 2006 and
the installation of the full trigger system in 2007 are déssxal in [76].

For the ECALL trigger system, a small fraction of the analogigeal is split from the standard
read-out and used for triggering. The analogue signals frénmdividual lead glass modules are
summed together in specially designed summation cards.uBea# the different shapes of the
OLGA, MAINZ and GAMS modules, only modules of the same typegnouped together for this
summation. Where possible, regions ok4 cells are used for one analogue sum. The arrange-
ment of the 90 sums used for the trigger is shown in figure 3E&kch cross corresponds to one
sum of 16 modules. The zones with the modules of the MAINZ tygenot entirely be covered
with regions of 4x 4 cells, therefore in two cases a sum ot B modules is used.

For triggering, the signals of the analogue sums are st 3nsignals. The first signal is dis-
criminated using a discriminator with a low threshold. Tkeand signal is discriminated using a
high discriminator threshold. The discriminator outpuabfirst signals are combined in a logical
“OR”. The same is done for the second signals. The output skthgo “OR”s are combined with
the calorimeter signals of the physics trigger. The “OR” fritma low threshold discriminators is
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Figure 3.11: The summation scheme for the ECALL trigger. Huith square corre-
sponds to one module in ECAL1. The summation is done far4icells, indicated by
the red crosses. In the regions of the MAINZ cells, two sum2 ef 8 modules were
used to best cover the two regions. The shaded area is egdiahe the trigger set up to
suppress background from electrons.

added to the trigger information used in combination with lledoscopes. The output of the high
thresholds is added to the “Calorimeter Trigger”.

The trigger thresholds for ECAL1 were selected to be compatakthe thresholds in HCALL in
the data taking in 2006 and 2007. Those were around 3.5 Gethémemi-inclusive contribution
and around 5.5GeV for the pure calorimetric trigger. Thesholds were selected for a good
separation to the background from halo muons, which depb4i8 GeVin HCALL.

For ECALL, only around 0.5GeV are expected on average for amim ionising particle. How-
ever, in this calorimeter large background contributioressexpected from electromagnetic show-
ers. The main source for this background are photons pradmceadiative interactions of the
muon beam with nucleons from the target or the detectorsthnsource of background photons
areti®-decays. Most photons are produced in the target regiont®ile many detectors between
target and SM1, many photons convert ieta -pairs before reaching SM1.

Figure 3.12 shows the distribution of reconstructed eesrfgir electrons and pions, that were both
identified using the RICH. The two spectra cover a very simaauge and both show maxima at
energies around 1 GeV. A suppression of the signals frontrelecbased on the trigger threshold
is therefore not possible. To suppress this backgroundaietAL1 trigger, the so-called central
plane is excluded. Because of the bending direction of SMELctimversion electrons are mainly
detected in a horizontal band, which is indicated by the stadea in figure 3.11. Before the in-
stallation of ECAL1, the same electromagnetic backgrounectly reached HCAL1. To suppress
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this background in the calorimetric trigger signals, a lshelding was used in front of HCAL1,
covering a surface similar to the horizontal band shown irég.11.

With the exclusion of the central band, lower thresholdsld¢dde selected for ECALL. For
the lower threshold a value of 2GeVwas set, for the highesstold, used for the stand-alone
“Calorimeter Trigger”, a threshold of 4 GeV was applied. Asttee HCAL1 thresholds in 2006,
the final values for the ECALL1 thresholds were selected takit@yaccount the capacities of the
DAQ.

The inclusion of the ECAL1 signals to the hadronic triggertegsin 2007 improved the trigger
efficiency for hadrons. For a final conclusion about the ¢bation of ECAL1, more data taken in
2007 need to be produced. However, a first study was perfousiad a preliminary production
of small data samples [76]. The result is shown in figure 3vill3ere the trigger efficiency of
the calorimetric trigger system is displayed as a functibg. dVith the inclusion of the ECAL1
trigger to the calorimetric trigger system, the triggeraéincy from 2004 was not only reached in
the range oly used by the physics analysi0< y < 0.9. For a large fraction of the events the
trigger efficiency was even higher in 2004.



3.3 Changes to the Veto System 57

1_
w L
08_ L :
B w/o ECAL1
0.6— w ECAL1
B w ECALL1 (2/4 GeV thr)
0.4 L dashed: 2004 |
0.2—
-_-II-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

y

Figure 3.13: The trigger efficiencg, of the calorimetric trigger system as a function
of y. The dashed line corresponds to the status in 2004, the soitgelines show the
efficiencies obtained in 2006 with different thresholdisgt for ECAL1.

3.3 Changes to the Veto System

The installation of the large aperture new target magnetrbehe run in 2006 made it necessary to
change vetg Being only 2m away from the magnet, this veto is now exposedHigh magnetic
field. This field is due to a stronger fringe field componenth&f hew magnet and significantly
larger than with the old target magnet.

The geometry of the new Vetas displayed in figure 3.14. It consists of eight trapezogtaped
detectors. They cover a circular surface with a radius ofnfldcound a beam hole. The frame
allows a movement of the detectors in radial direction. Th@vides the possibility to adjust the
diameter of the beam hole between 2.2cm and 4.5cm.

The light produced in the scintillators is collected in feshlight guides and then directed via long
s-shaped guides onto the photo-multipliers. Due to theiagpgtape of the light guides the photo
multipliers can be installed with their longest axis pewtienlar the strongest component of the
fringe field, which is radial. This special orientation oéthhoto multiplier and additional layers
of shielding with mu-metal made it possible to operate pmotdtipliers close to the target.
Further information about the installation and operatibthe new veto detector can be found in
[78].
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Photomultiplier

Figure 3.14: The layout of the new Vetstation.



Chapter 4

Data Reconstruction and Stability
Controlling

For the determination of asymmetries, the detailed knogdeaf the detector performance is es-
sential. Since detector instabilities could cause falgeasetries, the stability of the spectrometer
has to be monitored closely during data taking. It also hdwetohecked for reconstructed events.
Only after the reconstruction, the stability of the evemhpke used for the asymmetry measure-
ment can be verified.

In this chapter, the effect of spectrometer instabilitiélve discussed. The first section will give
an introduction to the different algorithms used in the ¢venonstruction. This will be followed
by a discussion on how the instability of a single detectanplcould affect the measurement. The
last section will then present a method to exclude eventshioh the detector performance might
introduce a bias to the asymmetry measurement.

4.1 Data Reconstruction

The event reconstruction is performed by the object ortéstdtware package CORAL [79]. It
is build in a modular architecture, where each reconswodtsk is represented by an individual
module. The three steps necessary to get from the record@dvdeds to a reconstructed physics
event are displayed in figure 4.1.

The event reconstruction starts with the decoding of therdssd information. During the data
taking, the information from each detector is stored in dateds comprising the information
about the observed signal of a detector hit and the activecttetchannels. The detector hit is
either recorded using a TD®r an ADC' module, giving the information about the timing or the
amplitude of the signal. All information is extracted frohetrecorded data and combined with the
geometry information of the detectors. From this, two-dasienal detector hits can be obtained,
where one coordinate corresponds to Zhposition of the detector. The second coordinate from
the active wire is measured in the orientation of the detgitme. FoiX andY planes these apé

*time-to-digital converter
Tanalogue-to-digital converter
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Figure 4.1: The three steps needed in event reconstruclioa.raw data are first trans-
formed into hit clusters, before particle traces in formsra€ks and cluster can be recon-
structed. The full physics event is reconstructed from aitiple traces.

andY coordinates, fotJ andV planes the transformation in®6 andY coordinates takes place at

a later stage. Before the different reconstruction algoritlare applied, a clustering procedure is
used to cluster together those hits in each detector plaaewere produced by the same particle,
sharing its signal on two wires.

On the hits obtained in the clustering process, differeabmstruction algorithms are applied to

reconstruct particles tracks, clusters and the identifinahformation in the RICH. Those tracks

are then associated to reconstructed particles. In addiigeaction vertex is reconstructed and
the incoming and outgoing muon is identified. After that afbrmation of the physics event was

reconstructed.

The following sections will discuss the different algonithk applied in the event reconstruction in
more detalil.

4.1.1 Spectrometer Tracking

The reconstruction of charged patrticle tracks plays thetnmogortant role in the event recon-
struction. The reconstruction algorithm is organised ne¢hsteps [80, 81]. A pattern recognition
algorithm is used to find track segments. This search isdinib track segments without de-
flection from a magnetic field or multiple scattering in matkr Therefore the pattern search is
applied in five spectrometer zones separately. The zonedaoies are given by the target magnet,
the two spectrometer magnets and the muon absorber in tbadsspectrometer. The different
track segments are then combined using a bridging algoriifns algorithm compares the track
parameters of the track segments at the zone boundariesnaadecond step, the information
of a preliminary track-fit of two combined track-segmentsétect all matching combinations of
track segments. The bridging procedure is applied to each oundary independently. For track
segments reconstructed behind SM2, where no matching serkent was found between SM1
and SM2, a recovery procedure is used to find all track hitewden the target and SM2. Finally,
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Figure 4.2: The recombination of straight tracks is done oarabinatorial basis.

the track parameters are obtained from a fit to all hits of thekt With this fit the reconstructed
track parameters for an eventual vertex reconstructiomyedisas the determination of the track
momentum are obtained. Due to the large number of detecioep| a simple leagt?-method
would be too time consuming for the standard event recoctstru Therefore, a Kalman filter
[82] is used for the track reconstruction.

For the discussion of the stability of the spectrometer|abetwo steps play a less important role,
because they do not depend directly on the presence of dudivdetector hits. This is much dif-
ferent for the first step, where a missing hit can lead to &ts@gment not being reconstructed.
Therefore, the reconstruction of individual track segreemitl be presented with a few more de-
tails in the following.

The procedure for the pattern search is shown in figure 4.2.aldorithm starts with all possible
combinations of two hits. For each combination the trackrsag is extrapolated over the full
zone, to search for additional hits belonging to this caatdid As shown in the left diagram of
figure 4.2, at this stage there are a very large number of taclidates. From these candidates,
all those tracks are rejected, that have less than a minimumbar of hits belonging to the track
segment or a track angle that is outside the angular rangaakst coming from the target. The
required minimum number of hits is smaller than the numbéraaking planes that can be reached
by this track segment. This provides the redundancy neeatealtfack reconstruction with only a
small dependence on the efficiency of individual planes.

The remaining candidates (middle picture of figure 4.2) hentsorted and selected based on a
quality function. This function evaluates the number otigse hits belonging to the track segment
as well as theg? for the hypothesis of a linear track. The selection remorasktcandidates, that
have too many hits in common with tracks of higher qualitgviag the algorithm with a set of
good track segments (right picture of figure 4.2).

To properly treat the different detector orientations présn the spectrometer, the pattern recog-
nition is applied in two steps. First only particle hits fratatectors with the same orientation are
considered. This leads to two-dimensional track segméatsarre, in the next step, combined to
three dimensional tracks. This second step follows the gaowedure, selecting the good candi-
dates from all combinations based on the quality of a track-fi
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Spectrometer alignment

The position of the individual detectors, as well as theiemtations and wire spacings, play an
important role in the procedure of event reconstructioreiifabsolute position is surveyed before
the start of each run. During data taking this geometridarmation of the detectors is monitored
using specific alignment procedures. This alignment proees performed at least once per data
taking period.

The procedure uses events with halo-muons, where the madiedd in the spectrometer mag-
nets is off. The track reconstruction is then reduced to éeemstruction of straight tracks. The
positions of the reconstructed tracks are compared to tteeide hits. This comparison yields the
corrections to be applied to the detector positions, arggielswire spacings.

To improve the accuracy of the alignment, the procedurepsated with physics events and bent
tracks, once the preliminary alignment with straight tsackdone. Since there are much more
physics events than alignment events, this provides thessacy statistics for the desired preci-
sion.

4.1.2 Cluster Reconstruction in the Calorimeters

The energy depositions in the calorimeter are obtained freeonstructed clusters. The cluster
algorithm uses the knowledge of the shower shapes to detertimé total energy deposited in the
cluster and the cluster position.

The algorithm selects cells with high energy depositionseeds for the cluster reconstruction.
For each so-called hot cell, the energy deposited in th@snding cells (3« 3or5x 5 depending
on the cluster energy) is considered. The algorithm assutimatsthe energy in the hot cells was
deposited by a single particle, while energy deposits irc#ils surrounding the hot cells can be
coming from two particles. In the case, where one cell is #ighibour of two hot cells, the energy
in the cell is shared between the two clusters. A model of tiwsver profile is used to determine
the energy fractions of the two clusters.

After assembling the cells of the clusters, the clusterggnand position are determined. For the
cluster energy, the sum of the cell energies is correcteeM@ntual losses at the edges of the cells.
For this correction a model of the shower profile is used. Téternination of the cluster position
is done independently for the two coordinates. It is baseghdnverse one dimensional cumulative
shower profile function [83]. In this approach, the horizdrand vertical shower projections are
analysed using analytic functions describing the showefilps for hadronic and electromagnetic
showers.

4.1.3 Particle Identification

Outgoing particles are identify based on three differemtqgiples. The most extensive means for
particle identification are provided by the RICH detector, seetion 2.4. However, due to their
very similar rest masses, the RICH cannot be used to distindp@isveen pions and muons in the
final state. They are distinguished using the tracking aunsteting information of reconstructed
particles.
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Figure 4.3: A typical event in the RICH. The red clusters intkcde hits seen by the
photon detectors, the green circles show the reconstruicigsl

Muons are identified by the amount of material the particlgespd on its trajectory in the spec-
trometer. If this amounts to more than 30 radiation lengthghrticle is identified as a muon.
30 radiation lengths imply, that the particle crossed atleae of the calorimeters or hadron ab-
sorbers. In practice, this means, that the particles traekls at least one hit behind an absorber to
be identified as a muon. Hadrons, on the other hand, arefiéey the ratio of energy deposited
in the calorimeters;, to the particles momenturp, Since they are stopped in the calorimeters, a
large fraction of their energy should be found in reconse&dclusters. A typical cut o&/p for
hadron identification i€ /p > 0.3.

Hadron Identification in the RICH

The main purpose of the RICH is distinction between the diffecdharged hadrons in the final
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state. The identification procedure is based on the distoibwf detected photons in the RICH.
Figure 4.3 shows the distribution of hits on the photo ca#isddr a typical event. The reconstruc-
tion procedure [84, 85] starts by clustering these detdutsito photon clusters.

To measure the Cerenkov angle of the photons emitted by alpactossing the RICH, first the
photons belonging to the particle track are collected. ehehoton the azimuthad) and po-
lar (¢,) angles of the photon relative to particle track are cateala Photons belonging to the
Cerenkov-cone of the particle are expected to be uniforngyriduted ing, and to show a clear
maximum for8,. The photons around this maximum are associated to the track

In a next step, the angles of the detected photons are cedrémt misalignments in the mirror
system or distortions in the quartz windows. For these ctioes, a preliminary determination
of the particles Cerenkov angle is done using a ring fit to thteaded photons. Only with this
preliminary8c the photon angle8, and¢, can be corrected.

For the particle identification, the distribution of the @mtedd, of each photon is compared to
the expectedc for different mass hypothesi€: can be calculated from equation 2.2 using the
reconstructed track momentum and the rest masses of piaossland protons. To compare the
calculated6(, Gé and eg to the detected photons, a probability function is used. tRerfirst
production of COMPASS data, this function was determinechfeox?-method. This was later
replaced by a likelihood method.

The x?-method calculates g? for each mass hypothesis using

, 1 J(e.-e,)?

N Roor &y

whereNy is the number of photons in the Cerenkov signal ends the resolution of the photon
angle. The mass hypothesis with the smallgktis taken to be the particles identity, if thj&
value is smaller than a given upper limit. This last requieetmexcludes identifications from a
random distribution of photons.

With the progressing analysis of COMPASS data, a new ideatific method was developed using
likelihood functions to verify the different mass hypotts86]. The calculation of the likelihood
functions is based on the probability distributions of mimst for the different mass hypothesis.
In addition it also takes into account the distribution otkground hits. Figure 4.4 shows the
distribution of hits in the photon detectors, that are nsbagmted to particle tracks crossing the
RICH. While these photons are rather uniformly distributedhia buter regions of the RICH,
large background contributions are observed around th@ Ipgze. This background contribution
is mainly coming from photons emitted by the large beam haésgnt in the detector. Due to
this large inhomogeneity, the consideration of the baakgdamproves the particle identification
significantly. The expected distribution of background foims is stored in so-called background
maps. These two-dimensional maps store for each detectel thie probability to observe a
background photon in an event. They are determined fromnsagacted events and look very
similar to the diagram in figure 4.4.

In the likelihood-method, a likelihood valug is calculated for each mass hypotheasising

e B Ny

-Li :We_s rls(eyka(Wk)-l-b(er?(ka) i€n7K>p ) (42)
k=1

e mK,p , (4.1)
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Figure 4.4: A map of the distribution of background hits ie fphoto detectors of the
RICH. The logarithmic colour scale illustrates the large miogeneity of the background
distribution. This figure is taken from [86].

where thes(6y,, @, ) andb(6y,, @, ) are the signal and background probability distributiorrsafo
photon with the coordinatey, andg, andSandB stand for the number of expected signal and
background photons.

The signal probability distributios ( 8y, , @) corresponds to a Gaussian distribution with the ex-
pected Cerenkov angle for the mass hypothesis as a mean aadghkr photon resolution as
width of the curve. The background probabiliiy8y,, ¢, ) is taken from a background map. Be-
sides the likelihoods for the different Cerenkov signals,aakiground likelihood indicating no
Cerenkov signal was observed, is also calculated.

For the particle identification the hypothesis with the é&agikelihood value is used. To improve
the purity of the identification using the likelihood methadlditional cuts on the ratios of likeli-
hood are introduced.

4.1.4 Event Reconstruction

From the reconstructed tracks, clusters and the RICH infoomahe full events are build. The
fully reconstructed particles of the event are obtainedhftbe association of tracks and clusters.
Among the reconstructed tracks, the incoming and outgoingmof the interaction are identified
and the momentum measurement of the BMS is combined with élok of the incoming muon.
The interaction vertex is then reconstructed using allmetracted tracks. Secondary vertices from
decaying neutral particles are searched in all pairs of sipglyg charged tracks.

While the RICH information was evaluated using the informatabout the reconstructed tracks,
the calorimeter clusters were reconstructed independeitirack-cluster matching procedure is
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used, to combine the clusters and tracks from the same IparTibis procedure uses the extrapo-
lated track coordinates on the calorimeter surface as tts jpnobable impact point of the particle.
Using these coordinates all clusters are associated tolg theat have a maximum distance o3
from the track impact point, where corresponds to the combined position resolution of thektrac
and cluster coordinates.

Beam Track Reconstruction

The beam reconstruction is used to combine the informatiom the beam momentum station
(BMS, see section 2.1) and the tracking stations upstreammedfarget. The beam track entering
the target is reconstructed in the beam telescope thatda® very precise measurement of the
track direction as it enters the target. The beam recortgirucombines this information with the
momentum measurement in the BMS.

The BMS uses the deflection in the bending magnets of the bie@ithat provide the horizontal
beam direction before the target (B6 in figure 2.1), to meahwdeam momentum. For the mo-
mentum determination, the hits in the BMS detectors comiomfthe same particle are selected
using the time information of the hits. A fit to the hits is ugedietermine the momentum of the
muon. After the fit, all beam candidates in the same eventarpared, and only those candidates
that have a good agreement in the timing of their hits and a §joquality are kept.

To correlate the momentum measurement in the BMS with thenstaacted track measurement
from the beam telescope only the time information from the measurements is used. A spa-
tial correlation of the different hits is not possible, grtbe two detector groups are about 100m
apart. The comparison of the time measured in the BMS deteatitin the time measured in the
scintillating fibres of the beam telescope allows the asset of a momentum from the BMS to
the reconstructed beam track of the beam telescope.

Tagging of Scattered Muon

The scattered muon is selected from the reconstructedjabgicharged tracks. In events, where
the signal from a hodoscope system triggered the readfmutrdck of the scattered muon candi-
date has to contain hits from the two triggering hodoscopes events with the pure calorimeter
trigger, where the muon provoking the trigger cannot betifled, the scattered muon is only de-
tected from track segments behind the hadron absorber. sStoerthat the muon originates from
the target, the scattered-muon candidate needs to passtthace and exit of the target no more
than 5cm from the beam axis.

In the case, where more than one outgoing particle fulfilsideatification criteria for the scat-
tered muon, all scattered muon candidates are marked asidlpasandidate. However, only the
candidate for the scattered muon with the largest momergwrsed in the event.

Vertex Reconstruction

The final step in the event reconstruction is the deternonaif the interaction and decay vertices.
The interaction vertices, called primary vertices, ar@nstructed starting from the reconstructed
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beam tracks. The so-called secondary vertices, from dexfagseutral particle into two oppo-
sitely charged particles, are reconstructed in a secopdusiag pairs of reconstructed tracks.

For each incoming beam particle, one primary vertex is rstanted. Using the distance-of-
closest-approach (dca) between the outgoing particlesrenathcoming muon all tracks are se-
lected, that could possibly belong to the primary vertexe ®atgoing muon is always added to
the vertex, irrespectively of its dca to the beam track. It &so not be removed in the later steps
of the reconstruction procedure.

A vertex fit is performed using all selected tracks, and 8eontribution of each track is de-
termined. The track with the largest contribution is rentbifehe contribution is above a given
threshold. After the removal the fit is redone and ygecontributions are reevaluated. These steps
are repeated until no more track hag% contribution above the threshold. Since wrongly con-
tributed tracks could have introduced a bias in the vertesitiopm that could have caused a good
track to be lost in the filtering process, a recovery procedunpplied to tracks that were filtered
out. This recovery looks at the chi-square contribution pfeviously removed track, when it is
added to the final vertex. If this contribution is below theeshold, the track will be added to the
vertex.

To reconstruct the secondary vertices from the decay ofaleparticles, the dca of each pair of
oppositely charged outgoing tracks is considered. If tietadce is small enough a vertex fit is
performed to obtain the position of the decay vertex. KRevalue of the fit is also used as a
selection criterion for decay vertices.

4.2 The Detector Performance

The object of the data stability studies is to investigate boe asymmetry measurement depends
on the stability of the reconstructed data. Before discgskow a reliable data set for an asym-
metry measurement can be obtained, this section discusspsssible instabilities in the detector
and their effect on the data.

The asymmetry measurements in COMPASS are based on fouirmpuaties. These are the rates
for the two target cells obtained for two different settimfjshe magnetic fields of the target. Four
instead of two rates are used, because the two acceptam@®fas from the two target cells are
different. By calculating the asymmetry from four ratessthcceptance effect cancels in a static
detector environment, because the ratio of the two accegsaenter the asymmetry calculation
twice. However, this cancellation only occurs, when thecspeneter was stable during the mea-
surement for the two field orientations. In case of specttemastabilities, false asymmetries
can be introduced to the measurement. False asymmetriesgingsical asymmetries caused by
problems during data taking.

4.2.1 Instabilities in the Detector Performance

The physics asymmetries are determined for each data tpkimgd separately. The result for the
full data set is afterwards calculated as a weighted meartlogdlifferent periods. This procedure
was adapted, because in between two data taking periodsssatic the experiment is possible,
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Figure 4.5: Example for day-night effect. The histogramvehthe number of primary
vertices per reconstructed event with at least one secprdaex. Each point represents
the value average over all events of one spill. The plot shbwslata of one period in
July 2004.

which may introduce changes in the setup.

During one data taking period, the access to the detect&episat the possible minimum. Never-
theless, on many occasions direct interventions are nagesssulting in changes of the detector
performance. The four most common sources of instabil#resdiscussed in the following.

External Influences

External problems have their sources outside the expetahest-up. While they cannot be
avoided, it might be possible to reduce their effect on tha.da

A prominent example for an externally induced instability semperature effects. During summer
the temperature in the experimental hall changes by abdi@ between day and night time. This
temperature change causes a clearly visible effect in thetspneter performance, as shown in
figure 4.5, where an indicator for the performance of theexeréconstruction is shown for a full
period. The oscillation between day and night time can bldze seen.

To suppress asymmetries related to the day-night-effeathlange of the target field is organised
such that the field orientation is different every afternodm odd number of rotations per day
reduces the possibility that an accumulated day-nighabilsty produces a false asymmetry.
Another frequent external problem during data taking aséainilities in the beam-line. However,
for the asymmetry calculation they play a minor role, beeatss instability occurs upstream of
the target, and is completely independent of the target.cell

Hardware problems

The most common instability occurring during data takingnguced from hardware problems.
These instabilities include everything from a very shoghhvoltage trip in a tracking detector to a
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Figure 4.6: Example for hardware problem. A malfunctiontegnperature sensor
switched this plane of scintillating fibre on and off for shiime intervals (upper plot).
For the affected spills, the overall performance of the speteter is significantly re-
duced, as shown in the lower plot, where an indicator for #mex reconstruction effi-
ciency is shown for the same spifls.

recurring malfunction of a hardware device. The difficulfypooperly treating these problems lies
in their detection. Therefore a careful check of all detexcand of the recorded data during data
taking is indispensable.

While a short trip in a power supply doesn’t reduce the ovgraiformance of the spectrometer,
a lasting detector malfunction can cause serious problemfé data quality. This is illustrated
in figure 4.6. The upper plot shows the pseudo-efficiency ¢setion 4.2.2) for one plane of
scintillating fibres for each spill of one period. One canaclg see, the plane was regularly off

$There are several reasons, why this problem was not detdctény data taking despite the careful checks
done by detector experts and the shift crew. The most impbisathat for technical reasons the main monitoring
programme is always looking at several spills simultangod$is software shows the hit-distributions in all detast
which allows a verification the quality of the recorded d&muce the problematic station was never off for many spills
in a row, the missing hits from the station were not visibl¢ha data monitoring.
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during full or partial spills. The lower plot illustratesdltonsequences of this malfunction on the
overall performance. It displays the behaviour of the wveréeonstruction for the same spills. One
can see, that in the spills, where the malfunction occuesyéntex reconstruction is less efficient.
Besides the instabilities coming directly from the hardwane changes made to cure problems
or improve the over all performance need to be consideredsd bperational instabilities include
the adjustment of high voltage settings, switching on ahdfadetector channels or the loading of
new thresholds to suppress noise.

A large effort is made, to avoid any action on detectors thatctintroduce a bias in the asymmetry
measurement. If a change in the setup is needed it is appleediay, that the data before and after
the action do not enter the same asymmetry calculation. rtinfately, this rule can not always be
applied, since sometimes urgent problems need immedispemnse.

Software induced Problems

Software induced problems are introduced in the reconsbruprocess of the data. To avoid prob-
lems from the software, all data from the same period areymed with the same reconstruction
software. However, due to the strong magnetic field of thgetasolenoid, some reconstruction
options depend on the orientation of the field. The most pnemtiexample, are positions of detec-
tors, that change slightly when the field orientation chandelarge effort is made, to accurately
align the detectors in both field orientations and thus,gfadse asymmetries induced by software
settings.

For each instability observed in the data, it would be désrto identify the cause. This is how-

ever only feasible for larger problems affecting many spil\ simple trip in a tracking detector

can rarely be connected to a spill with a worse performanbe. bigger the problem is, the more
important it is to identify its origin, for the simple reasdhat only when it was identified, it can be

avoided in the future. For the analysis of the data contgitiie instabilities, it is then evaluated

whether the data can be used in the analysis. In principle thee two options: For a smaller

effect, the data will be used in spite of the problem. Datanshg larger instabilities are removed

from the data sample for the asymmetry measurement. Foat@lubsed for the analysis it is then
estimated, how much these instabilities could affect thasueement. This estimate is taken into
account in the systematic error of the result.

4.2.2 Influence of individual detector

When observing an instability in an individual detectorsidifficult to predict, how this instability
can affect the reconstructed data. There are two reasottggdifficulty. One is, that the tracking
system was build with a lot of redundancy. A single faultyed¢dr plane should therefore not
be visible in the data. Only, when several detectors havelleameous problems, the tracking
performance should be affected. The second reason is mongleo. Even if the problem affects
the performance of the event reconstruction, it only hasf@cteon the asymmetry calculation, if
it affects the two cells differently.

These two aspects were investigated in more details, to fgetlat instabilities in the data are
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treated correctly. This is done studying the behaviour etige-efficiencies and macro-variables,
two important tools for data stability studies.

Pseudo-efficiencies

The so-called pseudo-efficiency are calculated for eadttmtplane. The pseudo-efficiency is an
approximation to the real efficiency of the detectors. Itagedmined from all reconstructed tracks
passing the detector planes and corresponds to the rahe atimber of hits found in the detector
to the expected number of hits. It is not a real efficiencyaose the detector planes are all used
for the track reconstruction, which biases the number oteterl hits. Nevertheless, the pseudo-
efficiencies can be used for stability studies, where ther@st lies more on their fluctuations than
on the absolute values.

Macro-variables

To obtain a measure of the stability of the detector perforweaas a whole, so-called macro-

variables are used. A macro-variable is a variable desgitiie properties of the reconstructed
event. In general, they are not motivated by physics. Exasifgr macro-variables are the num-

ber of reconstructed tracks, the number of vertices pertewethe total energy reconstructed in

ECAL2. While these macro-variables change from one eventetméxt, one can expect, that the

mean value of each spilk( 15000 events) should remain constant. These means of th®mac
variables from each spill are therefore good indicatorgHerstability of the event reconstruction.

A good choice of macro-variables allows, in addition, todiige the origin of a problem.

Study of the Redundancy of the Tracking System

The aspect of the redundancy of detector planes was inagstigising the correlations between
pseudo-efficiencies and the macro-variables. Since pseffideencies and macro-variables are
determined for each spill, one can check for correlated \aebha between a pseudo-efficiency
and a macro-variable by looking at the two-dimensionalriistions and from the correlation
coefficient, that can be determined for the spills of onequeriFigure 4.7 shows the distribution
of the correlation coefficients for the correlation betwéle® pseudo-efficiency of all individual
detector planes and the number of vertices per reconstiegent. As can be seen in the example,
the correlation coefficients were found to be small for aliedéor planes, independently of the
plane’s location or orientation. This indicates, that idiethe redundancy of tracking stations
provides the independence on the individual tracking garezded for a stable spectrometer.
Soon after this study, one exception to its result was des@ml, The problem observed in one of
the scintillating fibre stations (see figure 4.6) had a unetqaty strong effect on the spectrometer
performance. Since the scintillating fibres (SciFi) are ¢inéy detectors withstanding the high
rates in the regions, where the beam is crossing, the 8 Saiffoiss have to cover this region
over the whole length of the spectrometer. Thus, between &1SM2 only two stations with
each oneX and oneY orientation are installed. When one of the planes did not yooktrack
segment crossing the SciFis was found in this zone. Therefoly those scattered muons at very
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Figure 4.7: Distribution of the correlation coefficientstbe pseudo-efficiencies of all
324 detector planes and the macro-variable giving the “rarmolb primary vertices per
reconstructed event with at least one secondary vertex”.

low angles were reconstructed, that could be recoveredaaéadtep. As a result, in those spills,
where the problem occured, much less scattered muons andrgrvertices were found.

This strong correlation between the SciFis and the speet®mperformance was not seen, when
looking at the correlation coefficients, because in nornparations, the fibre stations are very
stable detectors and rarely show any fluctuation, which dvbel needed to observe correlations.
After the origin of this problem was understood, it was cureithe next run through the installation
of an additional SciFi station in the zone between SM1 and SM2

Acceptance Difference of upstream and downstream Cell

The main origin of false asymmetries in the measurementratabilities in the detector perfor-
mance with a significantly different effect on the two targells. Therefore, it is interesting to
see, if individual detectors have a different impact on #®onstruction of events depending on
the cell, in which the scattering occurs.

This was studied using the hits from reconstructed trackienindividual detector planes. For
each detector plane, the number of hits of tracks from th&aegs and the downstream cell were
counted separately and their ratio was observed. The idé@edaftudy was to see, if there are
detector planes that have significantly more hits from tsamkginating in one of the cells. Such
a detector could be more liable to cause a false asymmetnydtieers, since it is likely that an
instability of this detector will effect the reconstruatiefficiencies of tracks of the downstream
cell differently than the efficiency of tracks from the ugstm cell.

For all detector planes the observed number of hits fronktodi¢the downstream cell was about
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15% larger than the number of hits from tracks of the upstrealn This is not surprising, since
also more primary vertices are found in the downstream 8akides this general difference be-
tween the two cells, the observed hit-ratios showed a deyrer@don the angular regime of the
detectors. Especially the so-called large-area deteatok®ring the full angular acceptance of
COMPASS, showed larger differences between the two celis, titne small angle detectors. This
difference is not surprising, since the angular acceptafntiee upstream cell is smaller than the
one of the downstream cell.

The most important result of this study was, that for no deteglane exceptionally large differ-
ences between the two cells were observed. For the treatthdatector instabilities this means,
that no detector is significantly more liable to cause falgranetries than the other detectors.
However, the general difference between the two cells splihat an instability in any detector
can cause a false asymmetry.

4.2.3 False asymmetries from instabilities

To verify that no false asymmetries are present in the ddtasssl for the asymmetry measure-
ment, fake asymmetries are calculated, where no physigalrastry is expected. For example, in
each analysis a series of fake asymmetries is calculatégdebe data taken during day time and
night time, or between two data sets, divided accordingeéartbmentum direction of an outgoing
particle. Besides the kinematic of the outgoing particle® aifferent cell geometries, different
cell geometries are used to divide the sample for a fake agtryroalculation. With this check,
the sensitivity of the different spectrometer acceptaicdise two target cells to spectrometer in-
stabilities can be verified.

From these fake asymmetries it is possible to determinedfeee of stability of the spectrometer
acceptance also for the true physics asymmetry that is sedlylf all calculated fake asymme-
tries are consistent with 0, the statistical precision effitke asymmetries can be used to estimate
the level up to which false asymmetries in the data can beuded. Because the acceptance of
the spectrometer is a function of the event selection, tegies have to be performed for each
physics analysis independently. In the case significanatlens from O are observed, the source
of the false asymmetry is investigated. In general, it catobated within one subsample of the
data, which is then excluded for the physics asymmetry measent.

One known source of false asymmetries is related to thegtragnetic field of the target magnet.
Due to this strong field, the performance of the detectorsecto the target changes between two
field rotations, which can cause a false asymmetry. Thexetaro different microwave configu-
rations are used to polarise the target material, changmgrientation of the target spins relative
to the magnetic field. The false asymmetries in the measurewith one microwave orientation
can then be cancelled in the measurement with the othertatiem, provided both measurements
are done with equal event statistics.
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4.3 Procedures for stability controlling

To ensure that the measurements of the physical asymmateasot influenced by detector in-
stabilities, a stability check of the data used in the measent is performed and instable data is
removed.

A first preselection of stable data is achieved with the petida run lists. These run lists are
based on the logbook informations and exclude all runs, &vtiee beam or a magnet in COM-
PASS was not at its nominal setting. A detector problem da¢dead to the exclusion of a run
from production. Detector problems are only treated, wineir teffect to the reconstructed data
can be seen.

The check of the data stability is based on the reconstruddéal It is done in two steps. A bad
spill selection is applied to detect and remove individyslls where a problem can be observed
in the reconstructed data. During a second proceduredadédla grouping, the time evaluation of
the detector performance is checked, and the runs takerdiffiéinent target field orientations are
grouped into configurations for asymmetry calculation.

4.3.1 Detection of bad spills

To reduce possible influences of detector instabilitiesad $pill selection is used to remove un-
stable spills from the data set. Although bad spills havér thiegin in detector problems, the
check for bad spills is done using macro-variables, not geaificiency. This reflects the fact,
that many problems of individual detectors are masked byatiendancy of the tracking system.
The macro-variables used in the standard bad spill proeegter‘the number of reconstructed pri-
mary vertices per reconstructed event with secondaryxeftee number of tracks in the primary
vertex” and “the number of beam particles per reconstrueteat”.

The definition of a bad spill is obvious. A bad spill does noténéhe same properties, than the
good ones, and deviates therefore in at least one obsefuami¢he majority of other spills. Using
this criterion, a bad spill selection “by hand” is easily dorHowever, the large quantity of data
available makes it necessary to devise an automated pnectutibad spill selection.

The challenge for an automated bad spill recognition lighéTact, that also so-called good spills
are not entirely stable throughout the whole data takingogerinstead, drifts or oscillations of
the mean values of the used observables as seen in figureelffeguently observed. It can even
happen, that the good spills are clustered around two mdaas/aas shown in figure 4.6. Thus,
the definition of bad spills should take these fluctuations atcount.

Number-of-Neighbours algorithm

The Number-of-Neighbours algorithm makes use of the faett the majority of spills in each
period are good and have similar properties. The few batssmil the other hand are expected
to deviate in at least one observed value from the majorithefother spills. Thus, the number
of spills with similar properties than a given spill is larf a good spill and very small for a
bad spill. This is also illustrated in figure 4.8, where ramiiogenerated good (dark markers) and
bad (light markers) spills are shown. The good spills arecsunded by many similar spills, while



4.3 Procedures for stability controlling 75

4.5

3.5

2.5

2 ro o v v byv v by vy oy by s s by s by svaa by s v s by s

01 02 03 04 05 06 07 08 09 1
a

o

Figure 4.8: lllustration of the distribution of good spi(ldark points) and bad spills (light
points). The distributions in the variablasandb are randomly generated. Inside the left
box very few spills are seen, while many spills lie inside tight box. The edges of the
boxes correspond to the size of the statistical spreadiggad spills.

hardly any spills can be found in the surroundings of badsspil

To quantify the number of surrounding spills, an observaialéed “Number-of-Neighbours” is
introduced. The definition of a neighbovrfor a spill X with propertiesX uses the information
about the statistical spread of good spdls

Y € {neighbours oK} & y—-X<0d , (4.3)

wherey stands for the observed properties of syill Thus, all spills are neighbours of spill
X, whose properties not deviate more than the expectedt&tatispread from the properties of
X. The definition of a neighbour is also illustrated in figur8.4For the two black spills, the
neighbours are all spills, that lie inside the two boxes. ©ae see, that the left spill has hardly
any neighbours, while the right spill has many.

The statistical spread of good spills can in most cases netibty determined. However, it was
studied, that the result of the bad spill algorithm, doesdeptend on the exact choice of the range
used for the counting of neighbour spills provided it is ia #ame order than the statistical spread
of good spills. Therefore, the RMS of all observed spills isduto determine the range, in which
neighbours are counted.

The Number-of-Neighbours algorithm counts the numberseajhbour spills for each given spill
X and uses this result to select bad spills. The counting proeen the multi-dimensional phase
space is based on a binary search tree algorithm, whichsgspied in [87, 88]. The use of a binary
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search tree is essential in this application, because desiamproach, where the neighbourhood
condition is checked for every existing spill combinatioegeds much more computer time. The
advantage of the binary search tree is, that the tree stauitself already stores information about
the spill properties. Therefore, not all the spill combioas have to be checked, some spills can
be directly excluded from their position in the binary tree.

The determination of the “Number of neighbours” does notself constitute a selection of bad
spills. 1t only provides a criterion, that can be used forlibd spill removal. The minimum number
of neighbours for a good spill is determined for each datansktpendently. It depends critically
on the spectrometer conditions during data taking. For m&yplata taking period between 5%
and 10% of the spills are considered bad. In the case of pamsidetector problems, this number
goes up to 20%. In some cases, when a detector problem oanstantly during data taking and
affects the data with both target field orientations equélig decided to keep the spills affected
by this problem.

Figure 4.9 gives an example for the application of the balll grmcedure. The figure shows “the
number of primary vertices per reconstructed event” as atiom of the recording time for each
spill of a data taking period in 2004. The upper plot showspgills of this period, the lower plot
only the spills that survived the bad spill procedure. One e, that the bad spill procedure
successfully removes the spills with deviations in this rea@riable. In addition, some spills are
removed, that do not seem to have a problem, when lookindhatrfumber of primary vertices
per reconstructed event”. These spills have a problem cdraonly be seen in one of the other
two macro-variables. The good spills show a good overaliiltg free from the main detector
problems.

4.3.2 Data grouping

After the removal of bad spills, the data taken during onexdaking period are grouped to-
gether for the asymmetry calculation. For the data groyghreginformation from several different
sources are combined. The logbook is used to get an ovenfi¢ghwe aifferent incidents during
data taking, such as periods, where no data was recordeeriodp, where a specific detector had
a problem. In addition, the reversals of the magnetic fielthétarget magnet are checked.

With the information about the general occurrences dutegdata taking period, the stability in-
formation from the reconstructed data is checked. The-bpipill values of the macro-variables
and the pseudo-efficiencies are checked for the overalilistatf the data. Since bad spill pro-
cedure removed all short instabilities, the focus now liedarger structures, such as step-like
discontinuities of pseudo-efficiencies or macro-varialde the observed fluctuations from the
day-night effects. The findings from the reconstructed datecompared to the information from
the logbook, to identify the origin of observed instabdgi In some cases, a bad run was mistak-
ingly produced, which is removed by adding its spills to tlad Bpill list.

For the asymmetry calculation the data from one period avapgd in time intervals with stable
detector performance, called run-configurations. Forweetarget-spin orientations needed for
the asymmetry measurements, each run-configuration hasltale a field reversal of the target
magnet.

The grouping of the available data into run-configuratianglone taking into account the re-
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Figure 4.9: Result of the bad spill procedure. The black nrarkaow the mean values

of “the number of primary vertices found per reconstructeeh¢’ as a function of time.

Upper plot shows the distribution of all spills of the datkitg period, the lower plot only
the good spills that survived the bad spill procedure.

maining instabilities in the reconstructed data. Two ieait$, that should not be contained in a
run-configuration are discontinuities in macro-varialdepseudo-efficiencies and long interrup-
tions in the data taking. No data taken before the discoityimu interruption should be combined
with data taken afterwards. Both type of incidents are tloees$trict limits of run-configurations.
In most cases, the data taken after a discontinuity can bdioech with the data taken after the
next field reversal. However, if more than one discontinoitynterruption occurs between two
field reversals, the data between the two incidents canmobed with data from a different spin
orientation and is therefore lost for the asymmetry measar.

Thus, the data entering the run-configurations are seleatadtricter requirements on the stabil-
ity as the data passing the bad spill removal. For the ruriigamations it is ensured, that for all
spills taken with one field orientation there exist somelspaken with the opposite field orienta-
tion and the same detector situation. The amount of the teopy of spills is equalised as much
as possible.
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For a physics analysis where a lot of data are available, austhict treatment of instable data
is indispensable, to reduce the systematic uncertaintyrgpfmom instabilities. Otherwise, the
uncertainty due to instabilities could have a comparalde wiith the uncertainty coming from
statistics.

This is not the case, for physics analysis, where only adichdmount of data is available. In these
cases, instable data are treated less strict to keep a snofficlarge data set. Instead, checks for
false asymmetries are used to verify, that to a precisiohishzetter than the statistical precision
of the data no false asymmetries can be observed. The opan ehalysis, where a reconstructed
D-meson is needed for the asymmetry calculation is the mostipent example for such a situa-
tion. The number oD-meson-candidates found in one data taking period is sd stmat for the
asymmetry calculation the data of the whole period are coathiA subdivision of the events into
run-configurations is not possible.



Chapter 5

Reconstruction ofD-mesons

The measurement of the gluon polarisation presented ithtbsss is based on the asymmetry mea-
sured for events with charm production. Charm productioreteated through fully reconstructed
D-mesons. In COMPASS two channels»meson-decays are considered. Those are

DO — K- mt
D** — D1, — KT T,

and their charge conjugates. The decays are solely deteietelde signal in the invariant mass
spectrum of combinations of reconstructed particles. Tdeag vertex itself cannot be resolved,
since the vertex resolution inside the thick solid statgdtis at least 5 times larger than the decay
length of theD%mesons. Th&®°%mesons are reconstructed from oppositely charged track pa
The decay oD*-mesons is detected in events with a reconstruEtaneson through the slow
pion, which is produced in the decay of thé-meson into & °-meson. The requirements on the
slow pion improve the selectivity of th®*-reconstruction compared to tH2%-reconstruction.
Therefore, the two decays are reconstructed and analypadasely.
To improve the signal of the reconstruct®d-mesons, additional cuts on its kinematic properties
are applied. In both cases — ti¥’-decay and theD*-decay — these requirements are applied on
the kinematics of the reconstruct®f-mesons. The kinematic variables, that are interesting in
this context are the momentupiD®) and the transverse momentum with respect to the direction
of the virtual photonp; (D°) of the D°. The decay angle of the%-meson,8*, is defined as the
ar:)gle of the kaon with respect to the boost-direction of Efffeletermined in the rest frame of the
D

6% = Z(B(K),YboostD?)) (5.1)

To compare the energy of tHa° with the total energy available in the interaction, the fremta-

tion variable 0
E(D
z(DO):—<V—2 (5.2)
is used. For the decay of ttiz*-meson the invariant mass differendm betweenD* and D? is
defined by

dm = m(D*) —m(D°) . (5.3)

79
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Besides the cuts on the kinematic properties of@femeson, the information from the RICH to
identify the decay products as kaon and pion is used. Edpyettia identification of the charged
kaon is needed for a good event selection.

The final event sample used for the asymmetry calculatiotagmnot only the signal eveng
where aD-meson could be reconstructed, but also evBntshere a fakel, ) candidate from
combinatorial background was found. This background edube signal from the charm events,
which reduces the overall significance of the measuremerntbiiain the best possible significance
of the asymmetry measurement, the selection cuts were chosaaximise the effective signal

Seff
SZ
T StB

The effective signal reflects how the precision of the mm(%’) depends on the selected data
sample. This can be seen from combining equations 1.45 dedd.

Seff (5.4)

e (55)
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assumingdg = 0. FromRpgr = S/(S+ B) anddAZSE ~ 1/1/S+ B one obtains for the statistical
uncertainty of the measurement(@g@>
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(5.6)

Thus, by selecting the cuts for a maxin&lk ¢, the statistical uncertainty of the measuréd)

is minimised. While for the cuts on thB°-kinematics the optimal values only show little de-
pendence on selection through other cuts applied to thelsathe best criteria for the particle
identification in the RICH depend on the mixture of signal andkigaound events, this selection
is applied to. Therefore, the RICH selection was only optichisdter all cuts were applied.

It should be noted, that it was verified for all cuts used is #nalysis, that they cannot artificially
create a signal or change the shape of an existing sigria?-shesons. In particular the cuts used
for the patrticle identification were also validated usingrkand pion samples from other decays.
However, within their range of good values, the improventdnhe effective signal through these
cuts can vary. The optimisation &+ uses this variation to obtain the best possible selection of
D-mesons for the asymmetry calculation. This optimisati@as aiso verified on independent data
sets to exclude the influence of a statistical fluctuatiomia particular event sample.

The reconstruction starts with selecting events fulfilledgstability criteria for the asymmetry
measurement. The primary vertex of these events shoulddtdeast two outgoing hadrons in
addition to the scattered muons. Otherwis®%ameson cannot be reconstructed. THemeson
andD*-meson are then reconstructed from the possible combnsadihadron tracks in the event.
To suppress the contributions from wrong combinations Kirstmatic cuts are applied. The last
selection step uses the RICH information to identify the kamh pion from theD®-decay and,
thus, improve the observed signal@f-mesons.
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Figure 5.1: The selection criterion for the incoming beahe éxtrapolated beam track
has to cross both target cells, as shown by the dark line. Tdelme corresponds to a
beam track, that does not fulfil the criterion.

5.1 Event Selection

To obtain a event sample, that can be used for the asymmeasurament, the stability procedures
introduced in chapter 4 are used. To ensure a good stabilttyeadata, bad spills detected from
the bad spill algorithm (see section 4.3.1) are removed. Sgmee is done for spills from bad
runs, that had been produced by mistake. Because of the sraatl&atistics in the final sample,
the asymmetry is calculated for all the data from each da&iadaperiod and not for the run-
configurations described in section 4.3.2.

To ensure a cancellation of the muon flux, only events arectsele where the incoming muon
would cross the full target volume. This is verified from thasgion of the extrapolated beam
trajectory at the entrance and exit window of the target. éthlwindows, the trajectory should
lie within the fiducial target volume. This is illustrated figure 5.1. It displays the example of
a beam particle with an interaction in the first cell, whosgetttory before the interaction can be
extrapolated through the second cells. A second, gray liesghe example of a beam track, that
does not cross the two cells.

The reconstructed primary vertices are the basis folthreeson reconstruction. Since tBe
production and decay take place within the solid state targleime, a distinction between the
production and decay vertices is not possible. In the re¢oactgon of charm decays all particles
are joined to the primary vertex.

For the reconstruction, primary vertices are selected dlearly lie within the volumes of the
polarised target cells. Besides the selection of verticdsZvpositions inside one of the two target
cells, the distance from the cell axisjs required to be less than 1.4cm and the absdlytesition
should not exceed 1.0cm. The first requirement is used toregpphe influence of unpolarised
material at the edges of the target cells, that have a radidssem. The second requirement
reflects the fact, that the target cells are not completdgdfilvith polarised material. The upper
cut of 1.0cm for the vertices ensures that the measurementtigsffected by the incomplete
filling. Both cuts were applied taking into account the ination of the target axis with respect to
the spectrometer.

Figure 5.2 shows the distribution of primary vertices in timal sample. The left plot gives the
distribution in the transverse plane, the right plot digplthe distribution irZ. In this plot one can
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Figure 5.2: Distributions of primary vertices transversghte beam (left) and along the
beam direction (right) for the final event sample of the 20@4ad This means, only
vertices where on®%-candidate was found are shown and also the target selextton
were applied.

clearly see the strong increase of reconstructed vertibesnwgoing toward the downstream end
of the target. This increase is an result of the multiple ool scattering of outgoing particles

with the target material. As a result of these interactidow, energetic hadrons might not be
detected by the COMPASS spectrometers, and in addition ctitéesing also reduces the vertex
reconstruction efficiency.

Apart from the requirements of the position of the primarstee, some selection is also applied for
the D-reconstruction. Since tHe-mesons are reconstructed from at least two oppositelygekar

hadrons, a minimum number of three outgoing particles isired. This includes the scattered
muon. The particle tracks for the incoming and outgoing moeed also to be reconstructed for
the event to be considered. Both are needed to determinerten&tics of the scattering process.

5.2 Reconstruction ofD-meson candidates

The reconstruction procedure for tbemeson candidates from the two decay channels starts from
the reconstruction of the decayilf-meson. In the first channel only tiE’-meson is detected,
in the second channel an additional soft pion is needed.

The D%-meson is reconstructed through its decay into charged &adra charged pion. This de-
cay has a branching ratio of®8+ 0.07% [5]. There are decay channels of h&meson with
higher branching ratios. However, they have the disadganthat more than two hadrons have to
be reconstructed in the final state, which reduces the dveranstruction efficiency. This reduc-
tion is related to the reconstruction efficiency of the addel hadrons as well as to the fact, that
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L D - candidates:
K-Tt | K=-TT
1-2| 2-1
1-4| 4-1
1-5|5-1
2-3 | 3-2
3-4| 4-3
3-5| 5-3

Figure 5.3: Reconstruction db°-candidates. Each pair of oppositely charged outgoing
hadrons in the event is used to reconstrutt%candidate assuming the first hadron to be
a kaon, the second a pion the mass of Bféis calculated and the other way around.

in these decays all decay products have smaller momentee 8ia efficiency for the detection of
a charged hadron in the COMPASS spectrometer decreasesegitbiading momentum [64], this
effect becomes quite important when lookingt-decays into three or more hadrons. Therefore,
the largest number of reconstructBemesons is expected from tHa%decay into a kaon and a
pion.

In the second decay analysed in this study, besides the s&ooted D°, the soft pion, a very
low energetic hadron, whose momentum is typically below @0 Gis also reconstructed. Due
to the thick solid state target, the detection of the outgdiadrons with such low momenta be-
comes increasingly difficult. This is reflected in the numbeD*-mesons reconstructed in the
spectrometer, which is less than 1/3 of the number of renactetdD %-mesons. However, a sim-
ilar amount ofD*-mesons andD%-mesons would be expected, sifd&-mesons have a similar
production probability, than th®%s, and the branching ratio of the decay soft pion arfd%is
67.7 + 0.5%. Because of the very good background suppression troegb tkitag, the sample
with reconstructed *-mesons is still very interesting for the determinatior{ &f) .

Since theD?-production vertices cannot be distinguished from the yleestices, the reconstruc-
tion of theD-mesons is done only on a combinatorial basis. This is algstiated in figure 5.3.
For each event all outgoing particles from the primary eediare considered. The scattered muon
is first identified and excluded from the further proceduia. tRe outgoing hadrons, each possible
pair of oppositely charged tracks is used to reconstruct Bfecandidates by assuming the first
track to belong to a kaon, the second track to belong to a pidivie versa. For both assumptions
the invariant mass of the two-particle system is calculakexn a trueD °-meson this mass should
lie at 18645MeV [5]. In the further steps, alD® candidates with an invariant mass, that does
not differ more than 400 MeV from the expected mass, are densd. Their mass distribution is
shown in figure 5.4. In this distribution no signal from tB& decay can be observed. Instead a
very large amount of background from wrong combinationgésent. This combinatorial back-
ground has to be suppressed in order to get a usable sigb&tofesons. To suppress the wrong
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Figure 5.4: Invariant mass spectrum of all posskle tcombinations. The data sample
shown corresponds to several runs of one period in 2004.

combinations kinematic cuts on tH2%-candidates are used as well as the information from the
RICH. The signals from the RICH allow the identification of gd&d 1m)-pairs in the sample.

The reconstruction of thB*-meson follows the same procedure as Bf&reconstruction. In this
case combinations of three outgoing particles are corsijevhere for the first two the same re-
quirements are applied as for the othi2P-candidates. The third outgoing hadron corresponds to
the soft pion. It has to be oppositely charged to the kaomlidarte. In the example of figure 5.3,
this is the case for the track combinations (1,2,5) or (2,1F8r the D*-candidates, where three
three particles are grouped together, more combinatiangaasible. In the example shown in fig-
ure 5.3, there are 18 possibl2*-candidates, compared to 12 possiBl&-candidates. However,
the requirement for the soft pion to be really soft, dradifa@duces the possible combinations.

5.3 The D*-tag

The advantage of th®* compared to theD lies in the high selectivity of the soft pion recon-
struction. Due to the small difference of the invariant neassf theD *-meson (2010.0MeV) and
the D%-meson (1864.5MeV), only very little energy is available floe decay of thé*-meson.
Taking into account the mass of the additional pion producékis decay, one arrives at

Mp+ —Mpo = 20100 MeV — 18645MeV = 1454MeV = mp + 5.8MeV .

In the rest frame of the decayinD* only 5.8MeV are available for the kinetic energy of this
decay. This also limits the phase space of kinematic cortibmafor the decay products. Since
the amount of combinatorial background found for a decagleted to the phase space available
to the decay, the mass differencedf and D° can be used to effectively suppress combinatorial
background.

This is also illustrated in figure 5.5. It shows the distribotof dm = mp+ — Mpo — my.  For
this figure D°-candidates were used, that have a reconstructed invaniass that is closer than
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Difference of invariant masses: m(D*)-m(DO)-m(n)
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Figure 5.5: The distribution offp~ — mpo — My for an event sample, which was pre-
selected with cuts on th®°mass and the kaon identification. This preselection was
necessary to enhance tbé-mesons in the sample such, that the signal indhedistri-
bution becomes visible. The histogram was fitted with the sfian Gaussian and a root
function.

10MeV to the literature value, and, whose kaon could be ifledtin the RICH. Without this
preselection, the signal in th@m-distribution would not have been visible on top of the large
combinatorial background.

The figure shows, that the distribution &@m has two components. On one hand, there is the
contribution from combinatorial background, which graduases with increasing values adm

and follows the shape of a root function. On top of this, a Geuslike signal can be observed
arounddm = 6 MeV. The signal from theD*-decay is lying at the very beginning of the region
accessible by combinatorial background. Therefore, thekground can be significantly reduced
with the application of a cut odm. In this analysis,dm is selected to lie between 3.1 MeV
and 9.1MeV. With this cut, the background contribution ie gignal region of theD%-mass is
reduced by a factor 10, compared to the event sample witheuir-cut.

This large difference in the ratio of signal to backgroundhis reason to perform the analysis
separately in the two event samples. Because of the hightiséleof the D*-tag, the other cuts
applied to theD®%-mesons are less strict for thB*-tagged sample. Despite the different cuts
used in the two samples, there is still a significant diffeesm the signal purity of the two event
samples. As a result, the effective signal of thé-tagged sample is about twice as large as the
effective signal of the untagged sample, although almoishdst moreD °-mesons are observed in
the untagged sample. Because of this very different ratiagoias and background events in the
two samples, they are also analyses separately to detetihe@gguon polarisation.

5.4 Background Suppression through Kinematics

The cuts on the kinematics of tiE’-meson use differences Bi°-mesons compared to the com-
binatorial background, that are coming from the productiod decay process. The two kinematic



86 Chapter 5 Reconstruction DFmesons

z-distribution for D%-candidates

0.06

0.05

0.04

0.03

0.02

normalised Entries

0.01

z(DO)l

o

o_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

02 03 04 05 06 07 08 09

_O.
[N

Figure 5.6: The-distribution for D%-candidates shown for a sample of pure background
events (red, dashed histogram) and a sample, where thd #igci@on was enhanced
(black, solid histogram). Both distributions are shape radised.

variables used in this context ar@?) and co$8*). Both cuts are explained in the following.

The underlying production process fbrmesons is the fragmentation of a heavy quark. Due to
their heavy mass charm quarks behave differently in thenieagation process than light quarks.
The essential difference is, that the meson carrying theyhgaark also carries most of the mo-
mentum of the original quark. In the fragmentation of lighigks the quark momentum is more
evenly distributed over the produced hadrons. Since theébowtorial background is essentially
coming from events with light quarks, this difference bedwéight and heavy quarks can be used
to suppress the background. This is done with a cutBrY) which indicates how much of the en-
ergy available in the event is reconstructed inEffemeson. In the case of a trug?, this fraction

is expected to be high, while for background events muchlsmatlues ofz(D°) are observed.

In figure 5.6 the distribution o(D°) for a sample, where th®°-signal was enhanced, (black
solid line), and for a sample of backgrou(id, r)-pairs (red, dashed line) are shown. In the sam-
ple with enhanced signal, the signal purity was increased 80 % to illustrate the properties
of the expected signal. The selection criteria used for tttmecement do not correspond to the
final selection cuts. Instead much stricter cuts for the kdentification (see section 5.5) and the
invariant masses are used. With these cuts a high signay pould be achieved, without cutting
in the distributions of the variables discussed in this tdapThe sample with background can-
didates was obtained by simply requiring the mass of(kwgt) pair to lie outside the expected
signal region. In the figures 5.6, 5.7 and 5.8 both histogramsiormalised to have an integral of
1 to show the differences in the distribution of the two saeaplOne should keep in mind, that in
the original sample oD9candidates, there are about 50 background events pet sigr.

Figure 5.6 shows, that a cut aD®) > 0.2 can be used to suppress background candidates with-
out loosing many signal events. For tBe-tagged sample a cut afD®) > 0.2 was used. For the
untagged sample a stricter cut was needed, 2fiD8) > 0.25 is required.

Besides the energy fractiaiD®), one could also expect differences in the transverse mament
(D) between the signal and the background events. The high/e#esesmomentum of the pro-
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Figure 5.7: They-distribution for D%candidates shown for a sample of pure background
events (red, dashed histogram) and a sample, where thd figci@on was enhanced
(black, solid histogram). Both distributions are shape radisad.

duced hadrons is used in other analyses to identify photoongusion events [45]. Thus, one
might expect théd-mesons, that are also produced through photon-gluonrfusichave higher
transverse momenta than the combinatorial backgrountistiproduced in other processes. The
distributions for the signal enhanced sample (black, dolg) and the background sample (red,
dashed line) are shown in figure 5.7. It is obvious, that ardisbn between the two samples
using this variable is not possible. Both distribution arevgla strong rise towards loyw;. This
can be understood from looking at the production mechanisnthe case of charm production,
most of the energy available in the photon-gluon systemesl is produce the heavy quark pair.
Therefore, in contrast to the light quark pairs produced@Fphigh transverse momenta are not
expected for the two charm quarks.

The second quantity that is effectively used to suppressdhwinatorial background in thB°-
decay angl®*. In the rest frame of th®°-decay, an isotropic distribution of the decay products
in all directions is expected. Since for the combinatoretkground théK, m)-pair was not pro-
duced in a real decay, a peaked angular distribution digtab is expected. The peak is coming
from the boost into the rest frame of the assurttedt)-pair. In the case, where no kaon is present,
the boost vector will still be calculated assuming the ka@s$for one of the hadrons, which then
leads to very small angles between the direction of the kaodidate and the boost vector. There-
fore the D% decay angl®* can be used to suppress background events.

This is also illustrated in figure 5.8, where the solid hiséog shows the distribution of c63

for the signal enhanced sample and the dashed histograns shewdistribution for the back-
ground. The signal enhanced sample is rather uniformlyibiiged over the full angular range,
while the background events are mainly lying close to6cos: 1. Thus, a cut ofcosB*| < 0.85

is used for theD *-tagged candidates, while for the untagged candidatedticges requirement
of |cosB*| < 0.5 is applied.

With the selection cuts described in this section, the sigaaty could already be enhanced sig-
nificantly. However it is not yet high enough to allow the sdmspto be used in the asymmetry
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Figure 5.8: The co8*-distribution for D%candidates shown for a sample of pure back-
ground events (red, dashed histogram) and a sample, whesagihal fraction was en-
hanced (black, solid histogram). Both distributions argsh@rmalised.

determination. The selection of tHe%-candidates can be greatly improved with the application
of the RICH selection, which will be discussed in the next secti

5.5 The Use of Particle Identification

In figure 5.9 the invariant mass distribution for the‘-tagged sample is shown after the applica-
tion of the kinematic cuts described in the previous sectWhen looking at the signal region, i.e.
about 2 around the peak of the Gaussian signal, the ratio of signad¢kground events is around
0.24. In the case of the untagged sample the situation is a Itenv®Vithout the background sup-
pression through th®*-tag, the signal of th®°-meson is hardly visible. It is estimated, that the
ratio of background to signal events in this sample is latigen 20.

For a further suppression of the backgroukdm) pairs, the information recorded in the RICH
for the selected track pairs is used. This allows the suppme®f all track pairs where the kaon
and pion candidate could not be identified in the RICH. Esplgdiai the kaon a large suppres-
sion factor is expected, since only about 10% of the origir@a@kground combinations contain a
real kaon [86]. For the identification of the two hadrons theonstructed RICH information (see
section 4.1.3) is used. Here, both methods described ifosettl.3 were used. Thg?-method
was applied to the data taken in 2002 and 2003, for the data2@D4 the likelihood method was
applied.

Both methods can only be applied to particles with a momentobovathe Cerenkov thresholds
for the RICH detector (see section 2.4). The momentum ranbgascan be used for the parti-
cle identification, are shown in figure 5.10, where the rettaoted Cerenkov angles are plotted
versus the momentum of the reconstructed tracks. The figum@ssthe three bands for the three
mass hypothesis of pion, kaon and proton. In the upper leftsazpa small fraction of the electron
band can also be seen. From the figure one can deduce the nnomemtges, in which the dif-
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Figure 5.9: Invariant mass spectrum of i 11)-pairs for theD *-tagged sample before
the RICH cuts were applied. The curve shows the result of a fiveodata, where the

sum of a Gaussian and an exponential background functionused. The signal to

background ratio is about 1:4 in the signal regigr2¢). The data sample shown here
corresponds to 7 data taking periods of 2004.

ferent particle types can be identified. To identify kaohg,homentum has to be above the kaon
threshold of around 9 GeV, for pions the threshold lies addid GeV and for protons it is around
17GeV. The upper momentum limits for a good particle idesdiion are not as clearly visible.
One can see in figure 5.10, that the separation of kaon andpimhis increasingly difficult when
going to momenta higher than 40 GeV. However, at these highenta much less combinatorial
background contributes to the twdC-samples. Therefore, it was decided to use an upper limit for
particle momenta for the RICH identification of 50GeV.

The identification criteria for kaon and pion depend on théhmoe available for the data set. To
identify a kaon based on the?-method (see section 4.1.3), the differgitvalues calculated for
the kaon-candidate are examined. For a positive identiificathe x2-value for the kaon hypothe-
sis has to be the smaller than all others and smaller thanehisiore a reliable fit of the Cerenkov
signal.

For the identification with the likelihood method, all likebod values belonging to the kaon-
candidate are used. In general, a particle was identifiedkasrg when the likelihood for the kaon
hypothesis was larger than all other likelihoods, inclgdine background likelihood. However,
for the open charm analysis it was observed, that for thekamalidates, the kaon-likelihood and
the pion-likelihood are very close. Many kaons have reconttd momenta in the region, where
the two Cerenkov bands already overlap and the signal fronRt@#l becomes ambiguous. To
avoid loosing too many good kaons from this region, a cut enlittelihood-ratio of kaons and
pions to be larger than 0.98 (1.02) was applied. Here, theskealue was used for a subset of the
data from 2004, that were produced with a different versichelikelihood analysis. In addition,
the ratio of the kaon-likelihood to the background likelilhbwas used, to improve the quality of
the RICH selection. With a cut on this ratio to be larger tham X12206) all those candidates are
removed, where the observed Cerenkov signal does not shoW difterence from a background
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Figure 5.10: Reconstructed Cerenkov angles versus the momeuoit the particle’s
tracks. The entries referring to particles identified asipibave been suppressed by a
factor of 3; those referring to particles identified as pnstthvave been multiplied by a
factor of 4.

event. The values of the two cuts were chosen to optimise fteetige signal of the selected
D%-mesons. Itis clear, that they were tuned to the requiresrafrthe open charm analysis, where
a small amount of signal is surrounded by a very large conbiiizh background. The cuts were
therefore also checked on other kaon samples, e.g. #radecays.

For the identification of the pion-candidate, the availakleonstructed RICH information — like-
lihood or x? values — of the reconstructed track are used. For the id=attdn through the like-
lihood method, the likelihood of the pion hypothesis hasddHe largest likelihood for this track.
Additional requirements, as for the kaon identificatiore aot used for the pion identification,
since most pion-candidates are expected to be pions.

For a positive identification from thg2method, thex?-value for the pion hypothesis should be
smaller than all otheg?-values and smaller than 5. In the untagged sample an aulifimck-
ground suppression is achieved by requiring the momentuhegsion candidate to be larger than
9GeV. For thex?-method the requirements for the pion identification in ie-tagged sample
are a bit more relaxed. Instead of requiring a full identifimaof the pion based on the?-values,

it is only required, that the pion cannot be identified as ankddnis change was added to improve
the efficiency of the RICH selection.

Figure 5.11 shows an invariant mass spectrunbDoftagged D %-candidates after the application
of the RICH selection. The improvement in the observed sigbtained with the RICH is evident,
when comparing figure 5.9 and figure 5.11. The backgrounders@mple is be suppressed by a
factor 5, while the signal of thB%-meson is reduced by less than 10%. For the untagged sample
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Figure 5.11: Invariant mass spectrum of {lie 17)-pairs for theD*-tagged sample after
the RICH cuts were applied. The curve shows the result of a fiveodata, where the
sum of a Gaussian and an exponential background functionused. The signal to
background ratio is about 1.2:1 in the signal regia2g¢). The data sample shown here
corresponds to 7 data taking periods of 2004.

the effect of the background suppression is even larger.

5.6 The final spectra

Before the extraction o(A—;’> , the two event samples are scanned for events with Bfe
candidates in both samples. For the asymmetry calculatieryevent is only used once. So,
events that have two candidates are treated in the followsng If one of the candidates belongs
to the D*-tagged sample, the other candidate to the untagged satheleandidate of thé*-
tagged sample is kept, the other candidate discarded.Hfdastdidates belong to the same sample
neither of them is used and the event is discarded. This guvedollows the principle, that the
candidate with the higher signal probability should be usetthie analysis. However, a selection
of one of the two candidates, i.e. based on kinematic caitarthe particle identification, could in-
troduce a bias in the invariant mass distribution. To seatextandidate with the higher probability
to belong to a signal event, would introduce a differencé@tteatment of signal and background
events. This should however be avoided, because the infiamaf signal and background frac-
tions from the mass spectra will be used in the determinajfo(r%> . The only other possible
treatment for events with double entries would be a randdetsen of one candidate. This was
however not implemented, because of the very small evertidraaffected by this cut (below 4%
in the untagged sample, below 3% in tBbe-tagged sample).

The final events samples for the three years of data takingsethin this thesis are presented in
figures 5.12 for th®*-tagged candidates and in figure 5.13 for the untagged sanijiey corre-
spond to a total statistics of 13300 untag@timesons and 3450*-taggedD °-mesons. For the
D*-tagged sample an average signal-to-background ratioeeahed for candidates withirwf
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Figure 5.12: Invariant mass spectrum of the of (Ke)-pair for the D*-tagged event
samples from the data taken in 2002, 2003 and 2004.
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Figure 5.13: Invariant mass spectrum of the of tKem)-pair for the untagged event
samples from the data taken in 2002, 2003 and 2004.
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the maximum signal in the invariant mass, for the untaggetptathe average ratio was 0.077.
Table 5.1 gives an overview over the contributions of thedhtifferent years in terms of statistics
and figure-of-merit. As can be seen, the largest contribatere coming from the data taken in
2004.

N(D9) N(BG) FOM DYBG
2002 untagged [ 2032 + 260| 24194 + 141| 157 + 42|0.084 + 0.011
2002 D*-tagged 386 + 159| 557 + 500 158 + 178|0.693 + 0.695

2003 untagged | 3855 4+ 358| 46892 + 185| 293 £ 56(0.082 + 0.011
2003 D*-tagged 1064 + 59 938 + 239| 565 + 104| 1.13 £ 0.29

2004 untagged | 7427 + 512|100702 £ 277 510 £ 73]0.074 + 0.005
2004 D*-tagged 2001 + 68| 1554 + 1881127 + 114| 1.29 + 0.16

Table 5.1: Overview of the statistics of the tagged and uggdgamples from 2002-2004.
All number are determined from the fitted curves to the iraratrimass distributions shown
in figures 5.12 and 5.13. The event numbers are determingedtfre integrals over a2
region of the Gaussian signals The figure-of-merit and tipeadito-background ratio are
calculated from the event numbers.



Chapter 6

Cross-section for D*-Production in
COMPASS

In this chapter the procedure for tB&-meson production cross-section measurement is described
and a first estimation for the result is given. This estinratfobased on the event sample, where
oneD*-meson was reconstructed. Thus the cross-section for toegs

|.J.N . lJ./D*:tX

is determined. The event sample used in this study corresgora subsample of the 2004 data set.
The D*-mesons were selected with the same selection cuts as fasyimemetry measurements
described in chapter 5. A Monte Carlo sample was analysedrallgla where the same software
and selection cuts were applied.

The study was restricted to tBemeson sample witlD *-tag. In the untagge®-sample the large
background under thB °-signal introduces large uncertainties. Therefore, thi®ad sample was
not used.

The production cross section is determined from the numbegamnstructed *-mesons in the
event sampléN(D**), the integrated luminosity of the event samplean acceptance facter
which was determined from the Monte Carlo sample and the biagcatio BR) of the D*-decay
that is reconstructed, using

N(D*i)

O-HN_,HID*iX - m . (61)

In this chapter, the procedures used to determine the e@iftéactors in the cross-section determi-
nation will be presented. To estimate the accuracy of thussection measurements, two analysis
were performed. In one analysis, the information from the Riz#3 used, in the second analysis
it was discarded. The same procedure was followed for tHalega sample and the Monte Carlo
sample, thus the resulting values for the cross-sectionldiagree.

95
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Figure 6.1: The materials in the target cells. The two ce#diled with is®LiD. Because
of the incomplete fillinggHe and*He from the mixing chamber also contribute to the area
density.

6.1 The Luminosity Measurement

The luminosity is a scaling factor, that relates the numlbebserved events with the cross section:
Nevent — LO . (62)

HereNeventis the number of observed eventsthe cross-section and the integrated luminosity
for the data sample. The luminosity is a function of the antofiparticles crossing the interaction
point and the size of the interaction point. It can be caleadrom
N2

L= NlK , (6.3)
whereN; andN, are the number of particles from beams or targets in theaoten point andA
is the area of the particle crossing.
For a fixed target experiment the luminosity is determinedi@asuring the intensity of the beam
for N; and the area density of the target to deternhiagA. For most experiments, the beam has
a beam spot of a much smaller size compared to the crossrsettioe target. In these cases, the
measured beam flux can be directly multiplied with the massitieof the target to determine the
luminosity.
In COMPASS, the size of the beam spot is in the same order tleacortiss-section of the target.
The cross-section of the target is therefore the size ofitieedaction poinA entering the luminosity
calculation. Since the beam flux is measured for all beamqtest it has to be corrected for the
part of muons that do not fully cross the target.

6.1.1 Target Thickness

The area density of the targhly /A entering the luminosity has to be determined using all nu-
cleons in the target, not only the polarisable fraction eftdrget material used in the asymmetry
measurements. Therefore not only the target matéiriBl and its isotopes are taken into account,
but in addition the contribution from the liquiiHe and*He in the mixing chamber of the dilution
refrigerator is considered (see figure 6.1).
The number of nucleons in the tardét is determined from the weight of the target matenml
using

mr = Nt - Myyer (6.4)
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where the mass of one nucleomig,e = 1.6738-10 27kg [5]. The weight is determined using
a special scale, permitting the weight of the target mdteyibe measured at temperatures below
100K, which is necessary to preserve the material. A fulcdpson of these measurements can
be found in [89]. The typical mass of the target material ithbeells is about 3504, to this are
added about 609 of liquid helium. The exact amount of targeenmal in the target varies between
different target fillings by a few grams.
The target density is obtained by dividing the number of ek in the target by the surface of
the target, \ \

T T
PT = AT e (6.5)
whereA is the surface of the target, that is perpendicular to thenbaad illuminated by beam
particles. Since the width of the muon beam is larger tharstitéace of the target) is simply
size of the entrance window of the target. For the cylindi@@MPASS targetA corresponds to
a circle with a radius of 1.5cm.
For the data taking in 2004 a target density of® 10°°N/cn? was obtained [90]. The relative
error on the area density of the target of 2% is coming fronutieertainty of the mass and volume
measurements.
This procedure to measure the area density assumes, thdéernisgy of the target nucleons is
homogeneous over the full surface of the target. This assamis correct for a completely filled
target. However, in the years 2002-2004 the target was moplagely filled. Therefore, in the
analysis strict cuts are applied on the fiducial target velufior which a homogeneous target
filling can be assumed.

6.1.2 Measuring the Muon Flux

To determine the number of muons crossing the target, tota fmuons in a scintillating fibre
station installed directly in front of the target are couht&his detector has a surface of a similar
size to that of the target. The standard read-out of the 96r@is of the detectors y-plane is done
via photo-multipliers. To count the muons crossing thisedggdr, an analogue signal is picked up
at the last dynode of each photo-multiplier and combinedxdanslividual analogue signals, each
comprising 16 original detector channels in a logical “ORfieTanalogue signals are discriminated
and directed on an electronic scaler, which counts the nuwiddts in each spill. At full beam
intensity, the rate counted by this scaler was abodi0? muons per spill. The uncertainty on the
scaler count is related to the electronics used to count tlens The largest effect especially for
high beam intensities is coming from the dead time of thetedaccs, which reduces the counting
efficiency. On the other hand, muons can also produce tw@hitseighbouring strips of the fibre
station, which the electronics cannot detect. Since afidtedfects have not yet been fully investi-
gated, an upper limit of 10% was deduced from the rough ettimaof the two effects.

The scaler provides an estimate of the number of muons grestite spectrometer in each spill.
However, not every muon hitting the scintillating fibre giatcontributes to the luminosity. There-
fore, a correction factor has to be applied to the number amawounted by the scaler [91]. This
correction factor takes several effects into account. @hgelst correction is coming from the ge-
ometric difference of the fibre station and the target. Onlyons that cross the full target length
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Figure 6.2: The origin of the correction factor for the beamx tounted by the scintillat-
ing fibre stations. The upper track hits the station but netténget, the lower track hits
both. A correction factor is used to correct for these geomeffects.

inside the fiducial volume should enter the luminosity deieation. This is illustrated in fig-
ure 6.2, where two beam tracks entering the target zone avenstBoth hit the fibre station, but
only one of them fully crosses the target. The other one shoot be used in this measurement.
The ratio of hits in the fibre station versus usable beam sr&cketermined from random trigger
events using reconstructed beam muons that do not intertiet target. To determine the fraction
of usable beam tracks, all beam tracks in a time window ardb@drigger signal of the random
trigger events are reconstructed. Then it is checked, homyriracks hitting the fibre station also
cross both target cells.

An additional correction comes from the reconstructiorcegdficy of the beam momentum station.
It was also determined using random trigger events. For kearks without interaction in the
target two momentum measurements are available in COMPABSmMEeasurement of the BMS
can be compared to a measurement in the small angle spetgroonsng the field of SM2 for the
momentum determination. From such a comparison, the r&catisn efficiency of the BMS was
identified to be 96 % [92].

For 2004, the correction factor for the scaler rate of thetalzting fibre station 2 was determined
to be 058 + 0.03. The uncertainty of this number has two origins. On onealharslight differ-
ence in the result was observed, when using two differerghyegated random triggers [91]. On
the other hand, for the study presented here, not all randgget events recorded in 2004 were
available, resulting in a higher statistical uncertaintyhe result.

6.1.3 Dead-times in Data Taking

Another factor entering the luminosity of an experimenthis data taking efficiency. This effi-
ciency is related to the fact, that the detectors cannotrdeamew event at any given moment.
In particular, when the data acquisition is already buspmdiag a previous event, the detector is
blind to what happens in the target. This dead-time of thetspeeter is induced by the data ac-
quisition system. In 2004, the dead-time of the COMPASS DAQUB4 was 5%. The luminosity
determined from the beam flux and the target mass is corréstedis dead-time, to obtain the
luminosity for the recorded events. The relation betweenrétorded luminosity ecordeg that

is used for the cross-section measurement, and the truadsity L, e obtained from beam and
target is

Lrecorded - (1 - Tdead) Lirue s (6-6)
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whereTyeaqis the dead-time of the spectrometer.

The second dead-time appearing during data taking is the-tilee of the veto system. When a
halo muon hits one of the veto detectors, the veto signallveitiome active. While the veto is
active, all good muons interacting in the target are preackitom causing a trigger. To reduce
this so-called veto dead-time as much as possible, the igrtals are kept as short as possible.
Moreover, different veto signals with different rates ased for the different physics triggers.
Thus, one single dead-time factor cannot be given for theetfigiger system. The different
dead-times induced by the veto system are also reportedlijn [When determining a cross
section, the veto dead-time is not included in the lumiryogitstead, the different values for the
veto dead-time are included in the Monte Carlo simulatiorhefgpectrometer. Depending on the
physics trigger of the event, the event can be rejected wjitohability that corresponds to the
dead-time of the veto used for this trigger.

For the data set used for this cross section determination otl tflux of
Nﬁoumed: 22.5-10% + 10% muons was counted by the fibre station. This number is
multiplied with the correction factor and DAQ dead-time totain the corrected muon flux of
NGO = 12.4.10'% + 11%. The integrated luminosity obtained for this data sangpl

L = 043fb 1+ 129% .

6.2 Determination of the Acceptance Factor

The acceptance factercomprises the probability of@*-meson produced at COMPASS energies
to have three reconstructible decay products within the CAS88acceptance and the efficiency
for the D* to be reconstructed in the COMPASS spectrometer. It is datexdmsing Monte Carlo
events generated with the AROMA generator [93]. This ganesamulates events where a heavy
qguark is produced in the PGF process (see section 1.3.1ghwhthe principal process for charm
production in COMPASS.

To determinee the detector response for the generated events is simul@tesl four-vectors of
the generated particles were fed into a simulation of the CAS88?spectrometer, in which the
interactions of the particles with the different detectaeye simulated. These simulated detec-
tor events were then reconstructed using the standard COR&Lrelzonstruction as described in
section 4.1 to obtain reconstructed events. From thesdsEnrcandidates were reconstructed
using the all selection cuts described in chapter 5. An di@ejs made for the RICH selection,
which is only used in one of the two analysis. In the secondyaisafor the cross-section mea-
surement the generated RICH information was not used. Thesfieatrum of theD%-mass of the
generated event sample with RICH selection is shown in figi&elB this spectrum practically no
background is present under tB¥-signal, because the Monte Carlo event sample only contained
signal events.

During the full procedure the number of events passing eanliation or reconstruction step were
recorded. A total of 72028 events were generated in the AR@eierator. Of these, 60000 sim-
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Figure 6.3: The invariant mass distribution of tB®-candidates of th®*-mesons from
the Monte Carlo sample. The plot shows the distribution fer $ample where RICH
selection was also applied.

ulated events passed the selection criteria for recoristtiavents. Th® *-meson reconstruction
procedure reduces this number very strongly. With no RICHcsele applied, only 4189 68
DO%-mesons were found in the signal, when the RICH cuts are apilischumber is reduced to
2839+ 54. Both numbers are taken from a fit to the spectrum, the eomesponds to the error
from the fit. This large reduction of the producBdmesons is related to the fact, that a large
fraction of theD*-mesons are produced with relatively small momenta whialefiected in the
decay products. Especially the slow pion, which has in masgs a momentum around or below
1GeV, is often stopped before exiting the thick target.

From the numbers given above, the acceptance factor fa thmesons produced in COMPASS
can be determined using

€ = N(Dreconstructe (67)

*
N (Dgenerate

For the D*-reconstruction without the particle identification in tRéCH, an acceptance factor
of enoricH = 0.058+ 0.001 was obtained. For the sample, where also the RICH selegsn
applied, this factor wasyithrich = 0.039+ 0.001.

Before these acceptance factors are used to obtain the ewssns for theD *-production, the
reliability of the Monte Carlo information is verified. Forahpurpose the distributions of Monte
Carlo generated events and real data were compared. To buoffilesaall selection cuts were
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applied and the comparison was restricted to events, whermass of theD?-candidate was in
the region of the expected signal. This was done to supphessfiuence of the combinatorial
background in the real data sample. It was also tried to coenipee Monte Carlo distributions
with the background subtracted signal distributions frex data. However the statistical error in
the distribution introduced by the background subtracivas so large, that a comparison with the
Monte Carlo sample was not possible. In figure 6.4 the digioha for the Monte Carlo and the
data sample are shown for some of the variables. One carhsddgtagreement between the two
samples is reasonable, but not perfect. While in the regiotislarge statistic the agreement is
generally good, at the edges of the distributions largardgancies can be observed.

As a consequence, a larger error needs to be assigned tocy@aace factors. To quantify the
effect of different distributions on the final number®@f-mesons, a simple estimation was made.
Since for most of the variables, the agreement between tiela¢a and the Monte Carlo events
was better than 20%, an additional relative uncertainty@$62vas assigned to the acceptance
factors, leading to total errors of 0.0012 (0.008) for thalgsis without (with) RICH selection.
The final values for the acceptance factor are

EWithRICH = 0.039+ 0.008

and
€noricH = 0.058+ 0.012 .

6.3 Determination of the Number of ReconstructedD*

For the measurement of tHe*-production cross section, a subsample of the data take@(# 2
was used. This subsample was selected from periods thatleadipoduced with the same version
of CORAL. From the events collected during the 7 data takingoperthe D*-candidates were
reconstructed, using the procedures described in chaptéthSthe same selection cuts on the
events, vertices and the reconstruct2ticandidates as for the Monte Carlo sample. To determine
the number oD*-mesons in the final event samples, the mass distributiomedDf-candidates is
considered. A fit is applied to the mass-spectrd8fcandidates. The fit function was formulated
in such a way, that the number BP-mesons in the signal of the Gaussian is one of the fit param-
eters. The fit provides therefore directly the numbeDo6fmesons produced in the sample and its
uncertainty including the correlations with the other girpmeters.

The two analyses with and without the RICH selection resultva different numbers of recon-
structedD*-mesons. The number &f*-mesons in the final samples are

N(D**)withricH = 1194+ 55
and

N(D**)noricH = 1408+ 105 .

For the cross-section determination the selection coitet® have exactly onB*-meson per re-
constructed event was also applied. At first sight, thi®doh does not seem necessary, since the
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Figure 6.5: The invariant mass distribution of tH2%-candidates of the real data
D*-meson sample used for the cross-section determinatioe. pldt shows the distri-
bution for the sample where RICH selection was applied.

cross-section is determined for the process
u N — Ivl/ D*:t X

independently of the question wheth€rcontains a second*-meson. However, the treatment of
events with twoD *-candidates is not straightforward in this analysis. Thimainly because the
cross-section is determined for the process, where atdea®d *-meson was produced in tipeN
scattering. So, an event where t®d-mesons were produced should enter the final sample only
once.

The decision to reject events with more than dde-candidate is based on the following consid-
eration. The number of reconstructed tiie-mesons is taken from the amplitude of the signal in
the invariant mass distribution. For a perfect fit, this nemb independent of the amount of back-
ground below the signal. Of course, the fit applied herestitiws fluctuations in the background
description, but their influence on the size of the signakiglected in the following.

Therefore, only events, where a tiDé-meson was produced, are considered for the cross-section
analysis. For these events it is generally assumed, thatptegluction is well described by the
AROMA event generator. The events from the Monte-Carlo sarapkd in the analysis and the
events from real data with a triz¥-mesonhave therefore the same properties. This holds hot on
for the kinematics of the producdal*-meson but also for the other particles in the event. Thus,
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the generated and the real events have the same probah#ityy second *-candidate is found
in the sample irrespective of whether this is a tiemeson or background. The rejection of
events with more than ori@*-meson-candidate reduces therefore the signal in the a¢albahd in
Monte-Carlo by the same factor, which then cancels in thesesestion calculation.

Of course, this cancellation only occurs for a perfect dption of the real events by the Monte
Carlo generated sample. However, as shown in figure 6.4, #rerstill some discrepancies be-
tween the events from real data and the generated eventswdrkeio improve the description
of the real data by the simulated events is ongoing. For ttssdistimate of theD*-production
cross-section, the existing discrepancies between datdMamte Carlo are the reason for large
systematic uncertainty assigned to the acceptance facfnis uncertainty also includes the ef-
fect of the rejection of events with twbD *-candidates.

6.4 The Resulting Cross Section

The final ingredient needed to determine the cross sectiofeproduction in the COMPASS
experiment is the branching ratio for tiiz*-decay

+ 0+ + .+
D™ —D TSjow — K¥m TSjow -
This branching ratio is taken from [5] and has the value
BR=25+0.06% .

For the analysis where the information from the RICH was nodl ues result of the cross section
IS
Owithout RICH = 2.264+0.56nb ,

for the analysis with the RICH selection cuts the result is
OwithRICH = 2.85+0.68nb .

The relative errors of the different contributions wereedlth quadrature to obtain the final errors.
Within the limited precision of the final values, the two riésagree. The study has shown, that the
limiting factor for a more precise prediction of tH2*-production cross section is the agreement
between Monte Carlo and real data. The 20% uncertainty assfonéhe acceptance factor is
the largest error and makes up most of the total error whialhat 24% for the final result. The
statistical uncertainty of the number of reconstrudiedmesons, which is the limiting factor in
the measurement of the gluon polarisation discussed inteh@ponly contributes with 5% (7%)
in the analysis with (without) the RICH.

From the values above one can conclude, that in COMPASSDthg@roduction cross-section
IS probably around 2 3nb. This result can be compared to other measurements obthe
production cross-section in lepton-nucleon scatterirfye feanQ? obtained from the finaD*-
sample used in the cross-section determination in COMPAS®3s = 0.6Ge\?. The Q? of
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the COMPASS measurement lies therefore between the phothgtion region and the DIS re-
gion from measurements at HERA. The H1l-experiment has fhdalia measurement of tHa*-
production cross-section for both regimes [94, 95]. Théusige D*-cross section measured by
H1 for photo-production eventf < 0.01Ge\?) is 6.45+ 0.46(stat) = 0.69(syst) nb, for the
DIS regime (2Ge¥ < Q2 < 100Ge\F) the inclusiveD*-production cross-section was measured
to be 290 + 0.20(stat) *538 (syst) nb.

The measurement presented here shows a good agreemerttewtteasurement from H1 in the
DIS regime. The difference between the value from COMPASSlaadeasurement from H1 for
photo-production events is a bit larger, but the two valuedraa reasonable agreement consider-
ing the large uncertainty of this first estimation of tB&-production cross-section in COMPASS.
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Chapter 7

Determination of the Gluon Polarisation

In this chapter the extraction of the gluon polarisatiomfrtie event samples selected in chapter 5
will be explained and the result fcé%) will be presented. Before entering into the details of the
extraction method, a few kinematic plots from the final exsarhples are shown allowing conclu-
sions about the production process of the obseBradesons. In the next section the extraction
method will be explained. To determirﬁ%?) from the selected events, additional quantities are
needed. Their determination will also be discussed. Indkedection the results obtained for the
gluon polarisation are presented and compared to otherurezaents of the gluon polarisation.

7.1 Properties of the final data set

In figure 7.1 the distributions of the muon inelastigitythe “Bjorken x”,xg; = Q?/2Mv, and the
negative four-momentum transfer squa#dfor the final D*-tagged and untagged event sample
are shown. These distributions can be compared with theceaqens related to the PGF produc-
tion mechanism.

The muon inelasticity of the events, where a reconstruci2aneson candidate was found, covers
a range betweern 0.25 and~ 0.9. From these values gfthe average centre-of-mass enevigy
of the photon-nucleon system can be calculated in the prestrframe [96]

W2 = —Q* 4+ M2 + 2uM . (7.1)

The values oW lie between 11GeV and 18GeV which is the expectation for fitegdet in-
teractions (see figure 1.14). The rangéMfcovered by the selected events is clearly above the
threshold for the production of a charm quark pair throughRIGF process.

The middle diagram of figure 7.1 shows the distributioxgf. This diagram should be compared
to figure 1.13, showing the different predictions for charmaduction via the PGF process and
via the QPM process with intrinsic charm in the nucleon. Whamgaring the distribution ofg;

from figure 7.1 to the curves from figure 1.13 it is clear, tlnet hypothesis of intrinsic charm in
the nucleon can be excluded. The observed valuggare much smaller than they would be in
the case oD-meson-production by intrinsic charm.

As explained in section 1.4&g; does not correspond to the momentum fraction of the nucleon

107
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carried by the gluon. The momentum fraction of the glugrrannot be measured from the recon-
structed events, because only one of the charm quarks frelR@F process was reconstructed.
Instead x has to be determined from events generated with the AROMAt& Qarlo generator.
For the generated events, where the reconstrugtecheson passed all selection cuts that are also
applied to the real data, the generatatlas used. The mean was the determined for the weighted
generated events using

<X> — Zeventswixi 7 (72)

2 eventsWi

where the same event weights as in the determinatigf;0f from real data (see equation 7.11)
are applied to take into account the correlation betweamd the analysing poweafEF (see
section 7.3.1). The mean valuexobbtained for the weighted Monte Carlo events is

(x) = 0.11* 555 .

The last plot in figure 7.1 shows the distribution @f for the final event sample. The mean
value is(Q%) ~ 0.5Ge\?, but one can see from the distribution, that a lot of everks fdace

at much smalleQ?. The samples extends therefore from quasi-real photodetimh to deep-
inelastic events. In this context, the most significantedléhce between the exchange of a quasi-
real or a virtual photon is the contribution of resolved mimoprocesses, which is larger for photo-
production events. The overall fraction of resolved-phatgents is estimated to be below 1% for
the events in this channel (see section 1.4). Thus, thetribation was neglected.

For charm production, the scale of the hard procggs— cc, is not given byQ?. Insteads; the
invariant mass of thg-g system is relevant. Since in this system two charm quakgm@duced,

$ has much larger values th&f?. Like x it cannot be calculated from the reconstructed data, and
is determined from Monte Carlo generated events. The meae @ for this analysis is

(§) = 13GeV? .

Since the value o$ is essentially determined from the high mass of the two chguarks pro-
duced in they-g system the correlation with{ °F is less strong, so this mean was determined for
unweighted events.

7.2 Measurement of the gluon polarisation

To measure the gluon polarisation from the reconstrudtedhesons in the final sample, the count-
ing rates for the different target orientations are usea ddunting rate for events from interactions
with a polarised beanf(;) and a polarised targef) is given by

o A (o]
N =& ®Nr (OpF + OcBa) (1+PTPuf {aEIE;F S CBG&ACBGD )

OpGF + OCBG E - OpGF + OCBG
(7.3)

whereg, ® andNy are the acceptance factor (see section 6.2), the muon flgsingpthe target
and the number of nucleons in the target material. The dilutactorf and the analysing power,
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alCF anda“BC will be described in the next sectioopgr (0cgsg) is the production cross-section
for D-mesons (combinatorial background) in the final event sampl

The counting rate in equation 7.3 is composed from the cogmtte for an unpolarised target or
beam %1 = 0 or Pr = 0) and a polarisation dependent part, which depends on tlos glolari-
sation(=?) for the events with th®-mesons and on a possible background asymn#eigy; for
the comgbinatorial background in the sample. To ext(&@& andAcgg these contributions are
separated with the help of weighted events [97].

The spin-independent part contains the information all@ihtimber of target nucleons, the muon
flux and the acceptance factor. This unpolarised part of th@ting rateN,npo is given by

ud
Nud = glexpeld (7.4)

unpol
d
e+d dUINYY (OpgE + Ocrg) (7.5)

whereNgis = ®“4 N9 (0pgr + acpg) is the expected number of events wittDameson from

a PGF 0pgr) or from combinatorial backgroun@cgg), that are produced in the interaction of
N‘TJ"OI target nucleons ant*9 beam muons. The acceptance fae;-‘b‘? indicates the probability
for each event to be detected and reconstructed in the fieat @ample. It depends on the event
kinematics as well as the properties of the produbesheson. The overall acceptance for the
events is given bg“d and is the average of &I)"d.

The measurement of the gluon polarisation uses the evesd aditfour different event samples
simultaneously. They correspond to the events in the upstieell, when the cell was polarised
parallel (\NY) or anti-parallel N’Y) to the beam, and the equivalent rates from the downstrefim ce
(N9 andN%). When comparing the unpolarised parts of the four countiies; one obtains

Ninpot  €U®UNY (Opgr+0ces)  €'OUNY  gUNY and 7.6
Nl?n pol gd od N'lq (0PGF + O'CBG) ed gpd N-|q ed N-|q '
Ninpol _ e¢MON (oper+0OcBe) _ MOMNG e"Ny .7)
N;fipol e'd®'INd (opgr+0cee)  €/9P/INT  e/dNg

Here, the requirement, that each beam muon should crossdrg#t cells (see section 5.1), lea-
ding to® = ®Y andd’d = d'Y, was applied for the last simplification. To further simplthe
expressions for the unpolarised contribution, it is asshrttet changes in the acceptance between
the two settings of the magnetic field, affect both cells mshme way,

SU 8/u
The validity of this assumption is checked during the datdisty procedures described in chap-
ter 4. In the course of the data stability studies, all datgaramoved, where instabilities in the
spectrometer from data taking could be observed. For therisalts various additional checks
are performed to determine the possible systematic ermmduaced through this assumption (see
section 7.4).
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Using this assumption, the unpolarised parts of the founting rates can be related through

NLLJjnp0| . Nljrl:pol 7.9
Nd o N/d ( : )
unpol unpol

To separate the contributions(z%) andAcgg a double event weighting is applied. When looking

at
A
NK = NEnpol (1 + |3||§>GF<Eg> + BEBGACBG) , ke {u,nu,d,d} | (7.10)

which is a simplified expression of equation 7.3 whe¥eP, f af°F 0pgr/(OpGF + Oces) and

Pr P, f aCB®0cpe/(0paF + Ocaa) Were replaced bBpcr andBcse, it becomes clear, tha(%)
(Aceg) Is most apparent in events whedegr (Bcsg) is large. Therefore, weighting each event
with Bpgr enhances the effect Q&’) in the data, whereas the background asymmagic is
enhanced for events weighted W[%bB(g. This effect of the event weighting is further described
in [98, 99]. The ideal choice of the event weights for a goodwrination of(%g> andAcgg are
therefore the diluting factof$-cr andBcgs. However, one requirement for an event weight s, that
it should be constant in time [98]. This is not the case fortdrget polarisationPr. During the
measurements, the target was either still radiated witihawave to increase the polarisation or in
the frozen spin mode, where the nucleon spins slowly relakads, the degree of polarisation in
the target is changing with time. The target polarisatios Wrefore excluded from the weights.
The event weights used for the analysis are given by

OPGF
ws = PB,f PGF___""boF 7.11
H T OpGF + OCBG ( )

OcBG
wg = P,f CBG__ “%Pb 7.12
h T OpGF + OCBG ( )

With these event weights, we can formulate two relationsvbenh a measured sum-of-weights,
zi’\‘:kl and(%@’> andAcgg for each of the four event samples. This gives us eight egumtike

Nk

5ok = a1+ Bboris() + (Baaishcec) .13

N i k K Ag K

Z\(‘)B = Us (l+<BPGF>B<E>+<BB>BACBG) (7.14)

with

Boyw = M (7.15)
2i=1 0w

where the indek € {u,/u,d,/d} stands for the four event sampl¥g,c {S B} stands for the two
different weights ané® € {PGF,CBG} stands for the two process types, producing the data in the
final samples.
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As before, the unpolarised paa\';\,, of each sum-of-weights is factored out. From equation 7.4,
one can see, that§, can be written as

Nk
oy, = S5 Pekal - (7.16)
The relation between the unpolarised parts of the countibgsr equation 7.9, remains valid in
the case of weighted events. This gives two additional egustconstraining the unpolarised
contributions by

au qlu qu qlu
_S — _/Sd and _g = _|/3d (7.17)
s Os g Op

Equations 7.13, 7.14 and 7.17 provide a set of 10 equationBOfguantities, that cannot be di-
rectly measured. Those are the eight unpolarised coritv'rmmg andu'é5 (k€ {u,’u,d,’d}) and
<%> andAcgG.

The eight sums-of-weighted evengs{\,'__kl wk, andy {\':kl wh and the mean value of the diluting fac-
tors, (B{é)s and <[3,'§>B are obtained directly from the reconstructed events. Tiealy, they are
determined from sums over the bins of weighted histogrambefnvariantD°-mass spectrum.
The summation limits were chosen to well contain the sigriahe D°-meson and part of the
background on each side. It was verified, that the result@adymmetry determination does not
depend on the actual choice of the integration limits.

To extract<%) andAcgg from the final event samples, the 10 equations are solvedéun-
known quantities. This was done using minimisation procedwm MINUIT [100]. The proce-
dure fits a set of 10 parameters to describe the measuredtmsaobtained from the final event
sample. It takes into account the statistical errors of @hsured quantities, as well as the corre-
lation between the sum-of-signal-weights and the sumaakbround-weights of the same event
sample.

To increase the accuracy of the result, one additional cmnswas introduced. This constraint is
again based on an assumption concerning the stability ai¢beptance during data taking. It is
assumed, that a change in the acceptance of one cell affgotd and background events in the
same way. This leads to the following constraint on the usmised contributions

au au
a—é =B (7.18)

which implies through equation 7.17 thaf/ad = a8/a/. This is a much weaker assumption
on the stability of the acceptance, than equation 7.8. Neeless, it was verified, that this addi-
tional constraint does not introduce a bias on the resdl%%)f [97, 101]. The introduction of this
last constraint makes the system over-determined, sinceristraints are given for 10 parameters.
Therefore it is possible to evaluate the compatibility & tata with the fit result [97].

The extraction o(%g> andAcgg is done separately for each data taking period and the two-cha
nels. In 2002-2004 there were 29 data taking periods. Thérgsalt is the average of the 29
different values using the statistical error of each resuibhe calculation of the average.
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7.3 Observables needed for the measurement

This section discusses the determination of the differahtes needed for the extraction procedure
from the data. Several of the observables are not only usethéomeasurement of the gluon
polarisation, but also in other asymmetry measurements BMRASSS [23]. Their determination
is done in the standard way for COMPASS. Only the analysingepsyal °™ anda“BC, and the
parametrisation of the signal strengthgr/(0pcr + Og) are specific to this analysis and will be
discussed in more detail.

Target Polarisation

The target polarisatio®r is measured with NMR coils around the target cells [102],chhare
calibrated from thermal equilibrium measurements once¥ery data taking year. For each cell
only one value is used in the analysis, which is the mean ofalibrated measurements from all
coils of this cell. In the years 2002, 2003 and 2004 very sinidrget polarisations were achieved.
The average value of the polarisation in the upstream cedl %6, in the downstream cell it
was 48%. The NMR coils measure the polarisation of the dengein the target. To obtain the
polarisation of the nucleons of the deuterons, this paéios is corrected for thB-wave state of
the deuteron

PN = pA™eaS(1 _ 1 5wp) (7.19)

with wp = 0.05+ 0.01 [24].
A 5% systematic uncertainty is assigned to the values ofatget polarisation. This uncertainty
corresponds to the spread of the NMR measurements in thecaine

Beam Polarisation

In COMPASS, the beam polarisatiéis is not measured. Instead it is determined from the mo-
mentum of the incoming muon using a parametrisation obthinea Monte Carlo simulation,
which describes the transport of beam particles from thelystion target (“T6” in figure 2.1)

to the experiment and parametrises the polarisation fr@watoE,,/Er (see also equation 2.1).
The validity of this simulation was verified by measuremenitthe beam polarisation by the
SMC collaboration [103, 104]. For the data taken in 2002 ad@B2 the average beam from the
parametrisation was 76 %, in 2004 it was 80%. A systematiemamty of 5% is attributed to the
values of the beam polarisation from the simulation uset@li;yd@nalysis.

Dilution factor

The dilution factor describes the fraction of polarisableleons participating in the interaction
with the muon beam. It depends on the number of nucleons idiffezent materials inside the
target and on the cross-sections for the muon-scatterinigeonucleons in the different materials.
The main target materidiLiD, contains 8 nucleons per molecule of which only 4 are ieatdron-
like spin state and can be polarised. Besi#lgB other materials can be found in the target. The
second largest contribution is the liquid helium of the tida refrigerator, but small traces from



114 Chapter 7 Determination of the Gluon Polarisation

other elements can also be found [89].
Taking into account the number of nucleons from the deutegoand from the different other
materialsna, the dilution factorf can be calculated with

Nd
Ng + ZA Nna (g—g‘)

f = (7.20)

where the cross-section ratigss/0q) are approximately proportional to the ratios of unpolatise
structure functiongfF;\/F{). F5* andF{ are expressed per nucleon.

In COMPASS, the dilution factor is calculated as a functiorxgf andy to account for the de-
pendence of the cross-sectiang anday on the kinematics of the scattering process [105]. This
is done with a parametrisation, which is based on routinesldped in the SMC collaboration
[30]. The average value of the dilution factor for the datalgsed in this thesis i$ = 0.41. Be-
cause of the remaining uncertainties in the compositioh®iaterial inside the two target cells,
a systematic uncertainty of 5% is associated to this value.

7.3.1 Determination of the analysing power

The analysing poweay | is the asymmetry for theg — ccX process for the signal events. For
the combinatorial background it corresponds to the asymynaéthe muon-parton scattering pro-
cess. It essentially describes the sensitivity of an oleskevent to the gluon polarisation or the
background asymmetry. It can be factorised into a coninbutom the muon-photon vertex and
a contribution from the photon-parton interaction:

v
afSF — D 60 . (7.21)

Here,D is the depolarisation factor introduced in section 1.2&6dG) the polarised (unpolarised)

cross-section of the underlying photon-parton interactiéor the combinatorial background it is
not clear, which parton interacts with the incoming phottinvas therefore decided, to use the
depolarisation factor for the analysing power

af®=D . (7.22)

For the signal events the underlying partonic interacti®rthie photon-gluon fusion process
yg — ccX. For this process, the partonic asymmeh§ /G can be calculated as a function of
the Mandelstam variablas § andf of the hard subprocess [106]

t= (Py—Pc)= (Pg—Pg) (7.24)
U= (Py+Pg)= (Pg+P) (7.25)

wherePy is the four-momentum of parton
Thus, to calculaté\G /& the kinematics of the two outgoing charm quarks are neededthie
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open charm events in the final sample, this information isawailable, since only one of the
two charm quarks is detected through the reconstrubtedeson. Therefor&d /6 cannot be
calculated from reconstructed events. Instéeal/ G is parametrised from measurable quantities
using a neural network [107]. The parametrisation is base@oxgy, y, z(D°) and the transverse
momentump, (D?) of the D with respect to the photon direction.

To train the neural network, events generated with the ARCdé¢Aerator [93] were used. This
event generator simulates heavy quark production in unigelhlepton-nucleon scattering using
the leading order matrix element for the PGF-process. Ieramkeep the analysis in the leading
order regime, no parton showers were applied to the partbtie dnard interactions. To describe
the distribution of partons inside the nucleon before theraction, a set of parton distribution
functions from a global QCD-analysis (see section 1.1) wasd.uBor this analysis the PDFs from
a leading order analysis performed by the GRV collabordti@hwas chosen. The fragmentation
of the produced hadrons was simulated using the JETSET 08} ptogram in its standard setting.
Only generated events, where one of the charm quarks fragoharo aD *-meson, were selected.
For theseD*-meson, the decay in the channel

D" — DOT'-S+I0W—> K7T[+T';rlow

was required. For the second charm quark produced in thetardction, no requirements were
applied. No additional event sample was generated, whetedd of aD*-meson aD%meson

is required for the fragmentation of the first charm quarks$ie Thain production process for
D%-mesons is the decay dd*-mesons, which contributes about 50% [63] of the produced
D%-mesons. The othdd®-mesons are produced directly in the fragmentation of tkeraquark
or through the decay of a differeBtmeson. It was studied, that the difference in the produactio
of D%-mesons has no effect on the kinematic properties obtheneson. Therefore it was decided
to use only one sample of Monte Carlo events for the training@heural network. More details
on the different setting of the Monte Carlo generation carob@d in [107].

For the generated partons of the PGF-proces$ andt can be calculated from the available par-
ton kinematics, making it possible to calcula@". To build a parametrisation @ °F from
observables, the generated events were processed wittsmfulation of the COMPASS detector
and then reconstructed using the same reconstructionaefias for the real data. A comparison
of the simulatedD *-events and the reconstructed events fromEifetagged sample is shown in
figure 6.4. The plots show a reasonable agreement betwedwdlsamples. The discrepancies,
that can be observed, are mainly related to differencesiditributions of the event kinematics,
i.e. Q% or xg3. Since in this context, the generated Monte Carlo eventsrdyeused to relate the
properties of the reconstruct@dmeson with the kinematics of the partons of the hard intevac
the event kinematics determined from the scattered mugnglass important role. This would
be very different, if the generated events were used to ttexrdee relative contributions of dif-
ferent production processes as in the hglanalysis. Nevertheless, work is ongoing to improve
the Monte Carlo description of the data for future analysis.

For the parametrisation @f°" a neural network was trained. It used the reconstructibie va
ablesQ?, xgy, y, 2(D%) andp(D°) from the simulated events and the taj¢’", calculated for the
generated partons. The quality of the parametrisation Wwasked using a second Monte Carlo
sample and comparirg] °F from the neural network to the calculataf™. Figure 7.2 shows the
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Figure 7.2: Correlation between ta°F calculated from the generated event kinematics
and theafEF parametrised with the neural network for a control samplgeaierated
Monte Carlo events.

correlation obtained with the neural network for such a cdrgample of generated Monte Carlo
events. A very good correlation of 82% between the calcdlatel the parametrised values was
achieved.

To estimate a possible bias introduced to the measuremettof through the use of this
parametrisation of the analysing power, several checke werformed. The main source of such
an uncertainty is coming from the use of Monte Carlo generatedts when establishing the neu-
ral network parametrisation. Therefore, several neuraloiks were trained on different Monte
Carlo samples, generated with different options. The neng&lorks were then used in the ex-
traction of(%> and the effect of the different parameters ((%Q) was studied. The parameter
showing the largest effect was the mass of the charm quaykk the standard setting, the value
ism. = 1.5GeV, for this study it was modified between 1.3GeV and 1.6 GEhe effect of the
choice of the parton distribution function was also studiBge standard choice was GRV98 [13],
but PDFs from CTEQ [14] and MRST [15] were also used in the coof$eis study.

All checks showed no evidence for a systematic bias on thecﬂ&d{%) . The largest differences
between two values af29) observed during this study was 0.05, which was used as anasti
for the contribution from the analysing power to the systeecrexror.
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7.3.2 Parametrisation of the signal strength

The signal strengtbtipgr/(Opgr + 0) is determined from a fit to the unweightd-mass spec-
tra of the final samples. To obtain a good description of theaistrength for all data, the samples
are subdivided based on the target cell and the analysingmpaivthe event. The separation of the
events from the two target cells is done, because it was e ¢see also figure 5.2) that thz-
signal in the invariant mass spectra had less statisticarugistream cell than in the downstream
cell. In addition, the ratio of signal-over-backgroundoadiffers between the two cells.

The sample is further subdivided into bins of the analysiogeral’S". The reason for this divi-
sion lies in an anti-correlation between the signal stieag the analysing power, which can also
be seen in figures 7.3 and 7.4. The origin of this anti-catigglas related to the dependence of
the analysing power on the kinematics of th&meson, in particular on the transverse momentum
pi(DY). For large values oy (D?), where the purity of theD%-sample is very high, the analysing
power has small or negative values, which explains theamtelation. It not only has to be taken
into account for a good description of the data. It can als@duce a bias to the estimation of
<%>, when weighted events are used. Therefore, the combineflsarh D*-tagged mesons
from the three years is subdivided into five binsagf times two bins for the target cells. For the
untagged sample only three binsaf times two bins for the target cells are used, because for
more bins the weak signal of thB%-mass could not be fitted reliably. The ten (six) histograms
are fitted in one fitting procedure, allowing some parameggtise fit functions to be correlated.
The fit-function used for the fit corresponds to a sum of a dignd a background function. For
the description of the signal a Gaussian is used. The baghkdrim the mass-spectra is composed
of a contribution from the combinatorial background andfeotion of theD® — K~ 1™ 1° de-
cay, where only thé& — and thert™ were detected in the spectrometer. This reflection canlglear
be seen in theD*-tagged sample, but it is not visible in the untagged samppleerefore, only
the background function of th®*-tagged sample has an additional component describing this
reflection with a Gaussian. To describe the shape of the gatdyial background an exponential
function multiplied by a polynomial is used. The final fit-itirons for the 10 (6) histograms of
the D*-tagged (untagged) sample are shown in figures 7.3 and 7.4.

To decide on the best fit-function to describe the data arawlsgerstand the dependence of the
result for(%) on the chosen fit-function, a study was performed, wherecs$ible options were
varied. The most important option was the choice for the gemknd shape in the fit function. In
addition, a correlation of fit-parameters from differergtbgrams was considered. Another option
studied concerned the minimisation method of the fittingcpdure, where in one casg was
determined from the value of the function at the bin centre e value of the histogram, and
in the other case the average value of the function in the lgis @@mpared to the value of the
histogram. The last choice considered in this study wasiteeof the histogram bins, which was
varied between 1MeV and 20MeV.

For every possible combination of options a fit was perforfoethe D*-tagged and the untagged
sample. Then all fits were checked for a reasonable desxuripfithe data. Bad fits were excluded
from the study to find the best choice of fit-options.

From the good fits, the dependence of the resultfg on the fit options was determined. Fig-
ure 7.5 shows the distribution of the results (%9> obtained using all good fit-functions for the
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Figure 7.3: The 6D%mass spectra of the final untagged data sample and the final fit

function.
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Figure 7.5: The different values Q@f} obtained from different fit-functions. The left plot
shows the values from the untagged sample, the right plotahees for theD*-tagged
sample.
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parametrisation of the signal strength. In the left plottaties for the untagge®C-sample is
shown, the right plot shows the results for tbe-tagged sample. Both distributions display a
spread of the values @é%> with an RMS of 0.09. This is significantly smaller than theistatal
error of the two values, which is 0.55 (0.75) for tbe-tagged (untagged) sample.

As a next step, it was checked, whether the valuér%)‘ depends on a specific choice of options.
This was done simply by looking at the mean valueg for all fits, where one option was
fixed. For example it was compared, if the results for fits waithin width of 5MeV was different
than for the fits with 10MeV. This was done for all fit optionso Mend could be observed. A
systematic influence of the fit-function on the result wasdfare excluded. Instead, the largest
contribution to the spread of the values(gf) is coming from statistical effects in the fits.
Nevertheless, the final result f¢4\—9> shows a variation with the choice of the fit function. There-
fore, the use of one particular function introduces a pdsdilas, that is estimated using the RMS
values of the histograms in figure 7.5, which are both 0.0%s Y&lue was used as the contribution
from the fitting procedure to the systematic uncertaintyhefrineasurement.

To find the best fit function for the description of the signaésgth, the set of good fits was in-
vestigated more closely. To settle the question of the bastidth in the mass spectra, the width
of the Gaussian describing tH2°-signal was used. This width lies between 25MeVand 35MeV .
For a good fit, the bin width should be smaller than the signdtlw It was decided, to use a bin
width of 5MeV, which is small enough for a good descriptiontloé peak, but large enough to
avoid large statistical fluctuations between the bins.

To select a good minimisation method, not much study wasetedhe two methods showed
the same results. Therefore it was decided to use the sthnasthod, where the value of the
fit-function is compared with the histogram entries. Thesgbn of the background function and
a possible parameter correlation was more complex, andwitliscussed in the following.
Because theéD-signals in the 10 (6) histograms are not completely inddpat) the possibility
to use the same fit parameters for a subset of the histogramstudied. This study is motivated
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Figure 7.6: Distribution of the pullk for the width of the signal Gaussian in tHe*-
tagged sample. The left plots shows the pull in the case, avakéhistograms from the
same cell are compared, the right plot the comparison ofigtedrams in the sameg | -
bin.

by the fact, that all histograms contain the invariant magsas of the D%decay. In principle,
the mass position and mass resolution should be the samk licstagrams. However, especially
the mass resolution can show a dependence on the vertelopasitthe momenta of the decay
products. As aresult, mass position and mass resolutiottvibeudifferent in different histograms.
Nevertheless, it is possible, that a subset of the 10 (6)dniatns has the same reconstructed mass
and mass resolutions. In this case, the fit becomes moreleslifonly parameter is fitted for the
mass position of these histograms and one for the mass tiesoliNaturally, the parameters for
the amplitudes of the signals were kept independent.

In principle, there are four possibilities, how mass positand resolution could be correlated be-
tween the different histograms. One could expect the shipe @ °-signal to depend only on the
target cell, only on the kinematics of the decay productdyath criteria or on neither. Therefore,
different fits were performed, where all four possibilitigere implemented, and the results were
compared. No difference was observed in gfevalues of the fit results.

To understand, whether the data show a preference for camgltime parameters for a subset of
histograms, the fit-parameters from the fits, where all patars were kept independent, were in-
vestigated. The idea was to check, if the fit parameters fl@rirtdependent fits are compatible
with the hypothesis, that the group of histograms from thmﬁLGF-bin or from the same target
cell have the same fit-parameters. This was done using thetpaot the fit-parameters, which is
given by

h— "= {Ngroup

7.2
Jgoe (7.26)
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wherer is the value for the fit-parameter of one histogram in the grAu is the error of obtained
from the fit and(r )group is the mean of the values from the fits of all histograms in tloeig. The
pull h can be used to evaluate the compatibility of a fit parametirtive mean value from a group.
Two distributions ofh for the fit parameter describing the width of the signal Geumsare shown
for the fits to theD*-tagged sample. The left distribution is for the pulls cédoed by grouping
the histograms according to the target cell, i.e. the fiveogrmms from the upstream cell and the
five histograms from the downstream cell. The right distitou shows the pulls where the two
histograms for the same ( -bin were grouped together. Both pull distributions werecgkted
from the same parameters. Each entry corresponds to theréitqeter of one histogram. One can
see a clear difference in the distributions. While in the figftire, most pulls are centred around
0, indicating a good compatibility of the different valuestihe group, the pulls on the right figure
show two separate maxima at about -2 and 1. The appearartoeseftivo peaks is not really sur-
prising, since the pulls in the right figure were calculatgably comparing two values. However
the large distance between the two maxima is very large. ihHisates, that the two histograms
from the samey | bins but different cells should not be fitted together.

The pulls were studied for the fit-parameters describingptbgtion and the width of the signal
Gaussian for theD*-tagged and the untagged sample separately. For each parathe three
possible combinations were considered. In all cases, tme sasults were obtained. The pulls
calculated for the histograms in the same cell showed a gowgbatibility of the parameters with
each other, the pulls calculated for histograms from botls tegether had clear signs of an in-
compatibility of the data from the two cells. It was therefdeecided to use the same fit-parameters
to describe the mass position and the width of the Gaussiseriting the D°-signal for the his-
tograms belonging to the same cell but different binaf¢f".

The function describing the combinatorial background i itivariant mass distribution was se-
lected by looking at the(? values for fits performed with different fit-functions. Thergeral form

of the fit-function was

fbackgroun({m) - Bl eX[i—Bz m) . (1+ a]_m + azmz _|_ . .) . (7.27)

It was established based on the observation, that the baokdcould be well approximated with
an exponential function. A closer look to the fit-functioveged, that the data were distributed a
bit steeper, than a mere exponential distribution. Theegfa better description can be achieved
with a polynomial of the form shown above. To decide on thesoaf the polynomial, theg?-
values for fits with first-, second-, third-, and fourth-degipolynomials were compared. For the
D*-tagged sample, the best values were obtained for the firdtiree second-order polynomial.
To keep the number of fit-parameters smaller, it was decidesé¢ the first-order polynomial for
the final fit-function. For the untagged sample, ggddvalues were obtained for polynomials of
second degree or higher. Thus, the second degree-polyhoasaelected.

To summarise the results for the fitting procedure: The fitsisduto extract the signal strength
opcr/(OpGk + Ogg) from the data. For the fit, the data are subdivided into 10 as®grams ac-
cording to the target cell and tlag, -bin of the event to obtain a good description of the data. All
10 (6) histograms of th®*-tagged (untagged) sample are fit together, and the sameréitqeter

is used to describe the position and the width of Bf¢signal for the histograms belonging to the
same target cell. The fit-function is a sum of one or two Gaunssdescribing the signal of the
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D%-meson and in th®*-tagged sample the reflection of a secddf-decay, and an exponential
distribution, which was multiplied by a polynomial to bettiescribe the shape of the combinato-
rial background.

Besides the fitting procedure itself, also the influence obiheing ina; | was studied. This was
done by changing the number of binsan used for the fit. In principle, it is expected, that with
an increasing number of bins, the anti-correlation of thedysing power and the signal strength is
better describe by the fit. Therefore, for a sufficient higmbar of bins, the result fo(r%) should
not depend on the number of bins.

This expectation was fully confirmed by the data. Startiogi3 (2) bins ofa | for the D*-tagged
(untagged) sample no large change in the result was seeh [E@Om the remaining statistical
fluctuations the possible influence of the choice for thislrig was estimated to be@! for both
samples. It was chosen to use 5 and 3 bins of the analysing fortbe fitting procedure, to have
a sufficiently large amount of events in each histogram faliable fit of the mass spectra.

7.4 False Asymmetries

To verify, that the asymmetry used for the extraction(%@) is not the result of an unstable
spectrometer, the final event samples are investigate@lge Asymmetries. In the measurement
presented here, a false asymmetry can be induced by anilitgialihe detector performance that
invalidates the assumption in equation 7.8. To detect sndhsability, asymmetries are calcu-
lated for event samples, where no physical asymmetry isatgge This is done for example by
dividing the target into an upper and a lower half insteachefttvo target cells, or by splitting the
event sample using event properties. An example for thid &frasymmetry is given in figure 7.7,
where for the three years an asymmetry was calculated betexamts, where the kaon went into
different directions in the spectrometer. The data poimtthe figures show the asymmetries be-
tween the left (Saleve) and the right (Jura) direction aecafymmetries between the up and down
direction of the kaon. Each of these two false asymmetries walculated for the three years and
the D*-tagged and the untaggddl®-samples separately. Naturally, the expected result fseth
false asymmetries is 0. A deviation from this expectationl@¢andicate, that detector instabilities
introduce a bias to the measurement of the physics asymmetry

In a few cases of the studied false asymmetries, deviatrons @ that are larger than their statisti-
cal error were observed, as shown in figure 7.7. In the coofakie statistical spread of the false
asymmetries in the three years, these deviations are wiitimits of the expected statistical
fluctuations. Therefore, no significant false asymmetry wlaserved. However, the large error
bars of the data points indicate, that the overall signifieasf this result is limited by the available
statistics.

To improve the significance of the results, the event weighttie signal strength was excluded
from the event weighting. As a result, signal and backgreevehts entered the asymmetry calcu-
lation with the same weight, which increased the statis&sce false asymmetries are an effect of
the spectrometer, no dependence on the event type is edp&itmal and background events are
equally sensitive to false asymmetries. Also for the sagpiéh increased statistics no significant
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Figure 7.7: Example for non-physical asymmetries deteechifor the D*-tagged and
untaggedD®-samples. The data points show the asymmetry calculatealKaon going
the upper or lower part of the detector as well as the asynymatithe kaon in the right
(Saleve) or in the left (Jura) part of the detector calcddite the three data taking years
2002-2004 as well as the combined values for all years arfddaohples.

false asymmetries were observed. It is therefore conclutiatino false asymmetries are present
in the data used for the measurement of the gluon polansatio

Since the checks for false asymmetries only allowed estomatf a possible bias in the measure-
ment on the level of the statistical uncertainty(%% , a different method was used to estimate
with which precision a false asymmetry can be excluded. ifeghod is based on the statistical
spread of the measurements(6f) obtained with the method described in section 7.2 for each
data taking week. The method Is based on the pulls of the mesagsymmetries, where for each

measured value of¢). with a statistical error ob(48). the pull,hyg . is defined by
AG/G = ) — ) (7.28)
/ 3,

For an unbiased measurement, the distribution of the palutated from the results of the 29
data taking weeks follows a Gaussian with a meap ef 0 and a spread af = 1. If this distri-
bution is observed, false asymmetries can be excluded witgheer precision than the statistical
uncertainty of the measurement, which takes into accoentimber of individual measurements.
A detailed description of how the statistical precision barestimated using the pulls method can
be found in [109].
In the case of the simultaneous extractior(r%} andAcgg from the data, one can make use of the
fact, that false asymmetries would bias not only the measen¢ of<%) but also the measured
bgckground asymmetries. They should therefore lead totartit o? the pull distributions for

g

<§> andAcpg. This increases the number of measurement entering timeagiin of the statisti-
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cal precision with which false asymmetries can be excludtmvever, While<%> andAcgg are
considered to be completely independent in the measurgmacedure, this is not the case, in the
presence of a false asymmetry. This can be understood frefach that a false asymmetry would
invalidate the assumptions of equation 7.17, which botmagesied to determm(ék—) andAcgc.
Therefore, the possible correlation of the two measuresniesas to be conS|dered when applying
the pulls method.

This is complicated by the fact, that in the absence of a fatyenmetry, this correlation cannot
be determined. Therefore, the pulls method was evaluatedrasg a complete correlation of the
<%) andAcgc as well as under the assumption of uncorrela(l%gc} andAcgg[110]. For both
assumptions the statistical precision, with which a biasiffalse asymmetries in the measurement
of (%> andAcgg can be excluded, was estimated. As a conservative uppéiftiman observed
false asymmetry, the average value of the two estimatiorssusad for the final result. This was
motivated by the idea, that in the presence of a false asymimaerly a small correlation between
<%) andAcgg would be likely. The conservative upper limit for a bias do¢éatise asymmetries in
the data samples was determined for etagged and the untagged sample separately. For both
channels, this resulted in a value 009 for the maximum contribution from false asymmetries to
the(%) measurement.

7.5 Result for the gluon polarisation

As mentioned in section 7(/_£ is determined for each data taking week |nd|V|duaIIy Theaihes
for each week are shown in flgure 7.8. The upper two plot shewdhbults of{ 9y andAcgg for
the D*-tagged channel, the lower two plots shcé%g) and Acpgfor the untagged sample. It
is obvious, that the results for each week have large statisincertainties and no conclusion
about the gluon polarisation can be drawn from individuahfgo When comparing the error
bars showing the statistical errors for the two event saspee can see, that f«@?—% the error
bars of theD*-tagged samples are smaller, than for the untagged sampis.sfiows again the
importance of theD*-tag for the measurement of the gluon polarisation. A4 the situation

is opposite. Because of the large background in the untaggedls, the background asymmetry
can be determined to a much higher precision from these vent

The final result for<@> andAcgc are determined from the weighted mean of the results shown
in figure 7.8. For the untagged sample, this gives

(%) (untagged samp)e2002— 2004 = 0.53 + 0.75(stat)

with a background asymmetry égc = —0.005+ 0.009(staf). In the case of theD*-tagged
sample, the precision for the measu(@g@> is slightly higher. The result is

(%) (D*—tagged sample2002— 2004 = —1.01 + 0.55(stat)

with a background asymmetry 8ggc = —0.00+ 0.06(staf). Although the actual values obtained
from the two samples are very different, they are statifyicampatible with a difference of 1.7
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Figure 7.8: This plots shows the measukéd) andAcpg values for all 29 data tak-
ing weeks with longitudinal target polarisation of the 23 and 2004 data taking.
The weeks without a result correspond to weeks where no détdamgitudinal target
polarisation were taken.
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Source of systematic 6(%)
uncertainty D*-tagged untagged
False asymmetries 0.09 0.09
Fitting procedure 0.09 0.09
Monte Carlo parameters 0.05
Binning inag 0.04 0.04
Beam polarisatiom, 0.02
Target polarisatiofy 0.02
Dilution factor f 0.02
Total Error 0.15

Table 7.1: Overview of the different contributions to thestgynatic error. Where two
values are given, the contribution was determined indegrathd for the two channels.
The different contributions are discussed in more detaihanprevious sections of this
chapter.

standard deviations. Nevertheless, it was carefully ob@clkvhether the difference of the two
results could be a systematic effect, but no evidence waslfoliso figure 7.8 shows no evidence
for a significant difference between thix*-tagged sample and the untagged sample.

The final result for the open charm measurement is determined from the mean of the
results from the two data samples. The value of the gluorrigakzon averaged over the region of
x covered by the data from the open charm events taken in thie 2882, 2003 and 2004 is

<%> (COMPASS Open Charni2002— 2004 = —0.47 & 0.44(stat) & 0.15(syst) . (7.29)

The measured background asymmetgss = —0.005+ 0.009(stat) is consistent with 0. The
averagex of this measurement was= 0.11703% and the hard scalg? is given by? = § ~
13Ge\2,

The different contributions to the systematic error areuksed in the previous sections and sum-
marised in table 7.1. The three largest contributions areimg from the upper limit for false
asymmetries in the data sample, the influence of the fittinggmures and the different settings
for the Monte Carlo parameters. For all three contributidhs,studies made to determined the
contribution to the systematic error were limited by theistiegal uncertainty of the available data.
They are therefore expected to become smaller, when marasdased in the analysis.

For the quantities that are specific for the two data samfileg;ontributions are determined inde-
pendently for theD*-tagged and the untagged sample. As can be seen in tablé& \ilties ob-
tained for the two samples are quite similar. For the indigiccontributions, where the systematic
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Figure 7.9: Comparison of the direct measurememégét in the “open charm” channel
to measurements from the higlachannel and predicted curves&®/G(x).The “COM-
PASS, open charm” point is the result of the analysis preskimt this thesis, the other
points show recent results in the high-channel from COMPASS [111] and HERMES
[112] as well as older points from COMPASS, SMC and HERMES. The burves show
the predicted functions ddG/G(x) for three different gluon polarisatiorfsG obtained
with a parametrisation from [39], the black lines show theuts of the QCD-analysis
[24] of the inclusive measurements performed by COMPASS tWbecurves correspond
to two equally significant solutions of the fit, where one @sgives a positive gluon po-
larisation, the other a negative.It should be noted, thauales and data points are given
atp?2 = 3Ge\?, except the “COMPASS open charm” point, whefe= 13Ge\2.

error is determined independently for ti¥-tagged and the untagged sample, the conservative
assumption is made, that the two results are fully corrdlaiehe systematic uncertainty of the
combined result was therefore estimated by the larger ¥ahtbe two samples. The total system-
atic error of the final result is obtained from the quadraticmf the individual contributions.

The result of the measurement <(%> = —0.47 £+ 0.47 atx ~ 0.1 points to a small or negative
value of the polarised gluon distributid'G/G in thex-region of the measurement. Therefore, the
measurement disfavours a large positive polarisationeogthon, which would be observed in the
situation, where the gluon spins give a large contributmthe nucleon spin. Since therange
covered by the measurement is limited, a more precise csindw@about the total polarisation of
gluons in the nucleon cannot be made.

Figure 7.9 shows a comparison of the measurement from the “B&AB\S, open charm” channel
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is to measurements Q&) from the highpy channel in lepton-nucleon scattering as well as dif-
ferent curves oAG/G(x%. The other data points show a recent analysis from the pigthannel

in COMPASS [111] and the result from longitudinal asymmetifier inclusive charged hadrons
measured by HERMES [112]. In addition, older results from C@8B, HERMES and SMC are
shown. All measurements agree within their statisticatisien. However, it should be noted, that
the measurement in the open charm channel was performedfterant scale with2 = 13Ge\?
instead of? = 3Ge\” as for the highg; results. Nevertheless, a comparison of the results shown
in figure 7.9 is possible, because the change of the polagisenh distribution through th€?-
evolution from 3Ge¥ to 13Ge\# is expected to be smaller than the statistical uncertaiftiyeo
open charm measurement.

The open charm point displays a larger statistical unagstdihan the other measurements. How-
ever, since the measurement of the gluon polarisation ioplea charm channel has the smallest
model dependence of all, it provides the most direct acaefiset gluon polarisation. The mea-
sured asymmetry, which is the basis of the determinatiohe@fjtuon polarisation, was extracted
without any assumption on the production process for chaents. The asymmetry itself is there-
fore independent of the order of the perturbative calocoitefior the underlying production process.
Only to relate the measured asymmetry for the open charmnehavith gluon polarisation, the
partonic asymmetrAG /G is needed. Its calculation is based on a model for charm ptimgu

in muon-nucleon scattering. At this point, the assumptiamsut the production process and the
order of the perturbative calculation enter into the meam@nt of the gluon polarisation. As dis-
cussed in section 1.4, in leading order perturbative QCDPtBE-process is the only process for
charm production in lepton-nucleon scattering. All othenttibutions are estimated to be small
enough to be neglected in the context of this measurement.

Figure 7.9 also displays five different curves with predics for the dependence &G /G(x). The
three blue curves correspond to three predictionsM8fG(x) atpu?> = 3Ge\? for the three dif-
ferent values of the gluon polarisation in the nucleon qdiote the right side of the diagram. The
curves were determined using the parametrisations froin J3& two dashed, black curves show
the results from [24] that correspond to a negative and igegblarisation of the gluons. The two
curves have similar integrals pfolAG(x)dx| =0.2—-0.3. Itis clear from figure 7.9, that the open
charm measurement agrees with all curves shown in the didmat it's statistical uncertainty is
too large to exclude one of the predictions. The same is aleddr the older measurements in the
high-p; channel. The newer higpr results are more precise and exclude very large valuesdor th
gluon polarisation in the measured region. The differenasneements o¢%> seem to prefer a
small value of] folAG(x)dx|, but a distinction between positive and negative gluonnxdsion is

so far not possible. Such a distinction might become passitthen the data taken by COMPASS
in 2006 are fully analysed. A first analysis of the open chahanoel has already started and can
be found in [113].

The comparison of the open charm measurement to resultsgiroion-proton scattering at RHIC
more complex. Due to the different procedure of the measeingna direct comparison between
the open charm measurement and results from polarisednppoton scattering is not possible.
However, a comparison can be made with the conclusions fagema QCD-analysis including
not only the existing inclusive measurements, but also ifierent measurements from RHIC
[114]. This QCD-analysis used thg-dependence of the measured asymmetries from polarised
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Figure 7.10: Thex? distribution foragh00502 — (92 Ag(x Q?)dx at Q? = 10Ge\?
obtained from a global analysis of inclusive and semi-isivle lepton-nucleon asymme-
tries and polarised proton-proton asymmetries [114]. Aswhin the diagram, the fit of
the global data prefers small vaIues(%} for 0.05 < x < 0.2.

proton-proton scattering to constrain the polarised gldistribution in the region ok covered

by the data from RHIC. This range afalmost coincides with the range covered by the open
charm data. The constraint ey (09502 — (92 Ag(x, Q?)dx extracted from this QCD-analysis
is shown in figure 7.10 in the form of g2-function. One can see, that the data from polarised
proton-proton scattering prefer very small values of theoglpolarisation fox around 0.1. This
result is compatible with the open charm measurement pres$amnthis thesis as well as the other
direct measurements Q%) shown in figure 7.9.



Summary

Over the past decades, the study of lepton-nucleon scagtbas provided the means to investi-
gate the internal structure of the nucleon. Our current tstdeding of the nucleon is very well
described by the QCD improved parton model, where the nuaeasists of quarks and gluons.
QCD analyses of the existing measurements of unpolarisédnepicleon scattering resulted in
precise determinations of unpolarised parton distriloutioctions.

In polarised lepton-nucleon scattering, the polarisetbpatistributions that shed light on the spin
composition of the nucleon can be measured. However, tlstimximeasurements only cover a
small kinematic range, as they have so far only been peridiygdixed target experiments. This
limits the precision of polarised parton distribution ftinas obtained in QCD analyses. While the
polarised quark distributions are relatively well constrén recent QCD-fits, the polarised gluon
distribution, and with it the gluon spin contribution to thecleon spin, remain uncertain.

A complementary approach to determine the gluon polaosati the nucleon is pursued using
the direct measurement. In lepton-nucleon scatteringjstdone by measuring double spin asym-
metries for the photon-gluon fusion process (PGF). In thaxgss, the virtual photon interacts
with a gluon from the nucleon creating a quark-antiquark.péhe PGF-process can be tagged
through hadrons with high transverse momenta or througima hadrons in the final state. The
advantage of the open charm channel is that, in leading,dafdePGF-process is the only process
for charm production, thus no physical background conteibuo the selected data sample.

In this analysis, charm production is tagged through a rettoated D%-meson decaying in
DY — K~ m*. The reconstruction is done on a combinatorial basis, dineehick solid state
target of the COMPASS experiment does not allow for the dieteaif the D°-decay vertex.
To reduce the background of wrong track-combinations, rkistgc cuts are applied to the recon-
structed D°-candidate and the information on particle identificatiooni the RICH is used. In
addition, the event sample is separated iBt®-candidates, where a soft pion from the decay of
theD*-meson to H°%-mesonp*+ — DO ., is found, and theD°-candidates without this tag.

Due to the small mass difference betwdhmeson and °-meson the signal purity of thB*-
tagged sample is about 7 times higher than in the untaggeplsam

To reduce systematic uncertainties in the measured asyies)ed good knowledge of the data
quality is of great importance. During this thesis a lot dbafwas made to improve this knowl-
edge under two aspects. In the course of the data stabilityest, the influence of individual detec-
tors on the stability of the spectrometer acceptance waksestuThe stability of the spectrometer
acceptance is essential for the suppression of false asyramim the measurement. As part of
the stability studies, new procedures were developed toverdata that could possibly introduce
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false asymmetries. Besides this investigation of the quafithe recorded data, a first estimation
of the cross-section fob*-production in COMPASS was made. Although the precision ef th
result is low, a comparison to other measurements of chaoehugtion in lepton-nucleon scatter-
ing shows a good agreement. The knowledge of the charm piodwross-section is important
when discussing processes contributing to charm produetidiigher orders. This will be one of
the future steps in the open charm analysis.

The gluon polarisatiom%> Is measured from the event asymmetries for the differemt spn-
figurations of the COMPASS target. To improve the statistprakision of the final results, the
events in the final sample are weighted. The use of a signahdratkground weight allows the
separation of the signal asymmetry, correspondm@—% and a p035|ble asymmetry in the com-
binatorial background. To relate the asymmetry in the digmants Wlth< 3 9y, the target and the
beam polarisation, the dilution factor, the signal puritglahe analysing poweafEF are needed.
With the exception of the analysing power, these quantdgsbe determined from the event in-
formation. The analysing power, containing the partoniotph-gluon asymmetry, is calculated
using the kinematics of the hard scattering process. Itlarefore only be determined for Monte
Carlo generated events. A neural network is used to paraseeire analysing power as a function
of event observables, which can then be applied to recarstievents.

This method results in an average value of the gluon polasisén the x-range covered by the
data of the used event sample. For the data from 2002-20@4;s&al in this thesis, the resulting
value of the gluon polarisation is

Ag

(— J ) (COMPASS Open Charn2002— 2004 = —0.47 + 0.44(stat) + 0.15(syst)

at an average = 0.117021 and a scale of? = 13Ge\2. The result has a larger statistical un-

certainty than measurements from the hjghehannel, where more events to tag the PGF-process
can be found. The advantage of the open charm measuremeweng small model dependence.
While for high-p; measurements Monte-Carlo models are needed to determifrad¢tien of PGF
events as well as the underlying partonic asymmetries groffen charm analysis model calcula-
tions are only needed to relate the measured asymmetry ofeR&fs to the gluon polarisation.
The open charm measurement is statistically compatiblie thié existing measurements of the
high-p; channel.

These first results from COMPASS start to constrain the m#drgluon distribution. In both chan-
nels, the results point to small or negative valueAGf/G(x) around a value ok ~ 0.1, which
could point to a small gluon polarisation in the nucleon. fpiove the impact of the measure-
ments on the gluon polarisation, the statistical uncetitgrhave to be reduced. Therefore, the
current analysis efforts aim at an increase of the stadisti@ilable for the(%) measurements.
This is achieved with the addition of the COMPASS data take?0@6. In the open charm ana-
lysis, where the increase in statistics will reduce sevewatributions to the systematic error, the
addition of new decay channels is also investigated. In bb#nnels, the statistical precision of
the measurements is increased through improvements ohtigsés method that allow a better
separation of signal and background events through mobeete event weighting.
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