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Abstra
tThe study of ex
lusive pro
esses is one of the most promising tools to obtaininformation on the nu
leon via generalized parton distributions. The simplest ofthese rea
tions is the Deeply Virtual Compton S
attering pro
ess in whi
h a realphoton is produ
ed via di�ra
tive ex
hange. Using the interferen
e term betweenDeeply Virtual Compton S
attering and the Bethe-Heitler pro
esses it is possibleto extra
t the generalized parton distributions.The measurement presented in this thesis is a study of Deeply Virtual ComptonS
attering and Bethe-Heitler pro
esses re
order with the ZEUS dete
tor. Thedata analyzed were taken with HERA II in the years 2003 to 2005, 
orrespondingto an integrated luminosity of 41 pb�1 for e+p and 136 pb�1 for e�p s
atteringdata.The 
ross se
tion of the elasti
 Bethe-Heitler pro
ess measured in the kinemati
region 230 < W < 310 GeV, 20 < Q2 < 1000 GeV2 and jtj < 1 GeV2 is presented.The feasibility of measurement of the Deeply Virtual Compton S
attering pro
essis also reported.
KurzfassungDie Untersu
hung exklusiver Prozesse ist eine der vielverspre
hensten Metho-den um Informationen �uber das Nukleon in Form von generalisierte PartonenVerteilungen zu erhalten. Die einfa
hste dieser Reaktionen ist die tief virtuelleCompton Streuung (Deeply Virtual Compton S
attering), in wel
her ein realesPhoton dur
h di�raktiven Austaus
h erzeugt wird. Dur
h die Interferenz zwis-
hen der tief virtuellen Compton Streuung und dem Bethe-Heitler Prozess ist esm�ogli
h, generalisierte Partonen Verteilungen zu bestimmen.Die, in dieser Arbeit vorgestellte, Analyse behandelt eine Messung tief virtuellerCompton Streuung und Bethe-Heitler Prozesse mit dem ZEUS Dete
tor unterVerwendung von HERA II Daten. Die Daten wurden in den Jahren 2003-2005genommen und entspre
hen einer integrierten Luminosit�at von 41 pb�1 (e+p )und 136 pb�1 (e�p ).Es wird die Messung des Wirkungsquers
hnittes des elastis
hen Bethe-HeitlerProzesses pr�asentiert. Der gemessene Wirkungsquers
hnitt bezieht si
h auf denkinematis
hen Berei
h von 230 < W < 310 GeV, 20 < Q2 < 1000 GeV2 undjtj < 1 GeV2. Au�serdem wird die Ma
hbarkeit der Messung des DVCS Prozessesgezeigt.
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Introdu
tion
The HERA 
ollider has been used sin
e 1992 as an important laboratory to probethe stru
ture of the proton. The fundamental parti
les that form the internalstru
ture of protons are known to be quarks and gluons and the intera
tionsbetween them are des
ribed by the theory of Quantum Chromodynami
s (QCD).In the last de
ades, the exploration of deep inelasti
 s
attering at HERAhas delivered a ri
h variety of measurements whi
h has lead to a mu
h deeperunderstanding of QCD and on the stru
ture of the proton in terms of the partondensity fun
tions. However a 
omplete pi
ture of the proton is not yet a
hieved,i.e, the parton density fun
tions do not 
ontain information about the transversedistribution of the 
onstituents of the proton.The HERA II running period with the high luminosities that are 
urrentlybeing rea
hed, the available polarization for the lepton beams and the new in-strumentation installed in the experiments, has opened an ex
iting time for newphenomena and new and more pre
ise measurements.Ex
lusive pro
esses, in whi
h real photons, mesons or lepton pairs are pro-du
ed, 
an be des
ribed in terms of generalized partons distributions. These phe-nomenologi
al fun
tions en
ode information whi
h, among other things, 
oulddeliver the three-dimensional pi
ture of the proton.The most simple of these rea
tions is the di�ra
tive produ
tion of a realphoton, also known as Deeply Virtual Compton S
attering (DVCS). In this pro-
ess a virtual photon is s
attered o� a proton via di�ra
tive ex
hange, 
?p! 
p0.In deep inelasti
 s
attering, DVCS is studied by means of the rea
tione p ! e0 
 p0whi
h delivers an experimental signature given by the s
attered ele
tron andproton and the real photon. The other important 
ontribution with the same�nal state is the Bethe-Heitler (BH) pro
ess in whi
h the real photon is emittedfrom the lepton line. The interferen
e between DVCS and BH, whi
h 
an in1



Introdu
tionprin
iple be obtained by asymmetry measurements, will provide dire
t a

ess tothe generalized parton distributions. Beam-spin and beam-
harge asymmetrymeasurements [3, 4℄ have been reported to be sensitive to dis
riminate betweendi�erent parametrization of the generalized parton distributions.The previous measurements of the DVCS 
ross se
tions [1, 2℄ have shownthe 
hara
teristi
 features expe
ted for the hard pro
esses and, in general, a goodagreement with the predi
tions of QCD models.This thesis presents measurements of the Deeply Virtual Compton S
atter-ing performed with the ZEUS dete
tor using data 
olle
ted during the HERAII running period. The data analyzed 
orrespond to the e+p (41 pb�1) ande�p (136 pb�1) 
ollisions taken during 2003-04 and 2004-05, respe
tively. Theaim of this work is to study the feasibility of the measurements of DVCS atHERA II whi
h will allow, in future, to in
rease the pre
ision of the 
urrent re-sults and also, due to the availability of polarized beams, to extra
t asymmetries.The thesis also reports measurements of the elasti
 Bethe-Heitler 
ross se
tionsbased on the e�p data sample.The thesis is organized as follows: 
hapter 1 gives an overview of the the-oreti
al framework for the analysis, reporting also previous measurements onDVCS. Chapter 2 reviews the ZEUS dete
tor at HERA. In 
hapter 3 the basesof simulation in high-energy physi
s are introdu
ed followed by a des
ription ofthe spe
i�
 programs used in the analysis. Chapter 4 is dedi
ated to the di�erentsteps for the re
onstru
tion pro
edure whi
h delivers the main quantities usedfor the sele
tion of events. In 
hapter 5 the analysis strategy to obtain the signaland 
ontrol samples is des
ribed. Moreover a detailed des
ription of the eventsele
tion is given. Chapter 6 is dedi
ated to the analysis of DVCS events. Chap-ter 7 presents the studies 
on
erning the Bethe-Heitler sample used for the 
rossse
tion measurements. The extra
tion of 
ross se
tions and the determination ofthe 
orresponding un
ertanties are explained in 
hapter 8. Finally the summaryand 
on
lusions.

2



Chapter 1Theoreti
al overview
1.1 The Standard ModelThe Standard Model (SM) [5℄ is the theoreti
al framework whi
h des
ribes theelementary parti
les and how they intera
t. It was introdu
ed in the 1970's andsin
e then it has su

essfully passed very pre
ise tests.In the SM, the elementary parti
les are divided in two 
lasses: fermionswith spin=12 and bosons. Fermions are the 
onstituents of matter. They are
lassi�ed as leptons and quarks (six of ea
h and their 
orresponding partners, theantiparti
les 1) and grouped in three generations as listed in table 1.1. The bosonsare the intermediate intera
tion parti
les. The four for
es that govern our worldare known to be mediated by the ex
hange of bosons. The di�erent ex
hangedbosons and intera
tion are summarized in table 1.2. At the moment, for thegravitational for
e, there is not a satisfa
tory theory des
ribing the intera
tionvia boson ex
hange.Generations Ele
tri
 
harge Intera
tionsQuarks ud 
s tb +2=3�1=3 ele
tromagneti
;weak; strongele
tromagneti
;weak; strongLeptons �ee ��� ��� 0�1 weakele
tromagneti
;weakTable 1.1: Generations of quarks and leptons and how they intera
t. The ele
tri

harge is given in units of the elementary 
harge e.The Standard Model is built as a quantum �eld theory based on the gaugesymmetry group SU(3)C � SU(2)L � U(1)Y . The strong intera
tion is des
ribedby the Quantum Chromodynami
s whi
h is based on the non-abelian gauge sym-metry group SU(3)C . The 8 gluons are the gauge bosons asso
iated with this1Antiparti
les have opposite 
harge w.r.t. their partners.3



Chapter 1 Theoreti
al overviewBoson Mass(GeV) Intera
tionsphoton(
) 0 ele
tromagneti
W� 80 weakZ0 91 weak8 gluons 0 strongTable 1.2: Ex
hanged bosons and intera
tions in the Standard Model.symmetry. They are massless and 
arry 
olor quantum numbers. This last prop-erty allows the intera
tion of gluons with themselves. The self 
oupling of thegluons has a very singular 
onsequen
e: the in
rease of the 
oupling of the strongintera
tion, �S, with the distan
e, whi
h explains the 
on�nement of quarks inbound states denominated hadrons and their behavior as free parti
les within thehadrons.The ele
tromagneti
 and weak intera
tions appear uni�ed in the SM via theele
troweak intera
tions (EW) [6℄ whi
h are des
ribed by the group SU(2)L �U(1)Y . The W� and Z0 are both massive parti
les and self-intera
ting; the W�are 
harged with Q = �1 respe
tively and the Z0 is ele
tri
ally neutral; the 
 isa massless, 
hargeless parti
le and does not intera
t with itself. The fa
t that theweak bosons are massive indi
ates the Spontaneous Symmetry Breaking whi
his implemented in the SM as the so-
alled Higgs me
hanism. This me
hanismprovides the mass to the weak bosons and to the fermions and leaves as a 
on-sequen
e a new parti
le, the Higgs boson. The Higgs boson remains undete
ted.The Large Hadron Collider (LHC), whi
h is being built in Geneva(Switzerland)and will start operation in 2007 is bound to �nd the Higgs if it exists.1.2 Deep Inelasti
 S
atteringThe study of Deep Inelasti
 S
attering (DIS) pro
esses is an essential tool tounderstand the stru
ture of hadrons in terms of quarks and gluons.In the DIS pro
ess, the in
oming ele
tron2 intera
ts with the in
omingproton by the ex
hange of a gauge boson. A generi
 ele
tron-proton 
ollisionis depi
ted in �gure 1.1. Depending on the ex
hanged boson, the intera
tionsare 
lassi�ed as neutral 
urrent (NC) and 
harged 
urrent (CC). In NC , theintera
tion is mediated by a photon or a Z0 boson. For the CC intera
tions theex
hanged boson is a W�.2Ele
tron and e denote both ele
trons and positrons, unless stated otherwise.4
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�γ/Z0/W± (q=k-k’)

p(P )

e(k)

X(p + q)

e/ν(k′)

Figure 1.1: Ele
tron-proton s
attering.Assuming that k and k0 are the 4-momenta of the initial and �nal leptonsand P and P 0 are the 4-momenta of the in
oming proton and the �nal hadroni
state respe
tively, the Lorentz invariant variables that des
ribe the event kine-mati
s are:� the negative square of the 4-momentum of the ex
hanged bosonQ2 = �q2 = �(k � k0)2; (1.1)� the 
enter-of-mass energy squared of the ele
tron-proton systems = (k + P )2; (1.2)� the 
enter-of-mass energy squared of the photon-proton systemW 2 = (q + P )2 � Q2x (1� x); (1.3)� the Bjorken s
aling variablex = Q22P � q 0 � x � 1; (1.4)� the inelasti
ity y = q � Pk � P 0 � y � 1; (1.5)If the masses of the parti
les are negle
ted, the variables Q2, x, y and s are relatedby Q2 = xys.The meaning of these variables be
omes more 
lear when the intera
tion isviewed from the perspe
tive of the Quark Parton Model (QPM). In the QPM,5



Chapter 1 Theoreti
al overviewthe proton 
onsists of point-like free 
onstituents (partons)- whi
h are identi�edas quarks and gluons. In this model, DIS is des
ribed as the intera
tion ofan in
oming ele
tron with one of the partons of the proton by the ex
hange ofthe boson. From this point of view, Q2 (also 
alled virtuality) determines theresolving power of the intera
tion. In the DIS regime, in whi
h Q2 � 1 GeV2 ,the stru
ture of the proton is probed down to 10�16
m. The Bjorken s
alingvariable x 
orresponds to the fra
tion of the proton momentum 
arried by thestru
k parton and the inelasti
ity y represents the fra
tion of the energy of theele
tron that is transferred to the intera
tion, measured in the proton rest frame.1.2.1 Cross se
tion and stru
ture fun
tionsThe general form for the in
lusive DIS 
ross se
tion 
an be written as [5℄ :d� � L��W ��; (1.6)where L�� and W �� are the leptoni
 and hadroni
 tensors. The leptoni
 ten-sor is 
al
ulable using Quantum Ele
trodymami
s (QED). The hadroni
 tensorparametrizes the proton stru
ture and it 
an be expressed in terms of the stru
-ture fun
tions, Fi(x;Q2). The stru
ture fun
tions are pro
ess dependent and they
an be determined experimentally. In this way, for unpolarized beams, the NC
ross se
tion is written as:d2�NCdxdQ2 = 4��2EMxQ4 �(Y+FNC2 (x;Q2)� y2FNCL (x;Q2)� Y�xFNC3 (x;Q2)� ; (1.7)where �EM is the ele
tromagneti
 �ne stru
ture 
onstant, Y� = 1 � (1 � y)2.F2 is the major 
ontribution to the NC 
ross se
tion. FL(=F2 � 2xF1) is the
ontribution from the absorption of a longitudinally polarized photon and F3 isthe parity-violating 
ontribution whi
h is non-zero only for weak intera
tions.Figure 1.2 shows a 
ompilation of F em2 measurements3 as a fun
tion ofQ2 for�xed values of x. For values of x � 0:1, F em2 is independent ofQ2 : this behavior isknown as s
ale invarian
e. It was originally proposed by Bjorken [7℄ and observedfor the �rst time at SLAC [8℄. For the region of high and low x, a dependen
e ofF em2 with Q2 is observed, behavior referred to as s
aling violation.The s
ale invarian
e is the expe
ted behavior of the stru
ture fun
tions inthe frame of the QPM sin
e the model assumes that the proton 
onsists of non-intera
ting partons. However, the existen
e of s
aling violation shows that the3F em2 is the purely ele
tromagneti
 part of the FNC2 stru
ture fun
tion.6
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Figure 1.2: The stru
ture fun
tion F em2 measured by di�erent experiments as a fun
-tion of Q2 in di�erent bins of x. 7



Chapter 1 Theoreti
al overviewnaive pi
ture of the QPM has to be modi�ed. S
aling violations originate fromthe 
oupling of quarks to gluons as predi
ted by QCD. The quarks 
an radiategluons, whi
h in turn 
an split into q�q-pairs. With in
reasing Q2 more of these
u
tuations 
an be resolved as illustrated in �gure 1.3.

2

proton proton substructure QCD Compton BGF

increasing resolving power QFigure 1.3: S
hemati
 diagram of the s
aling violations. Pro
esses as gluon radiationor q�q splitting 
an be resolved with large Q2 .1.2.2 The parton density fun
tionsThe parton density fun
tions (PDFs), fi=p(x; �2F ), denote the probability of �nd-ing a parton i, with momentum x at a given value of Q2. These distributions
annot be 
al
ulated from �rst prin
iples in QCD. However, the QCD fa
tor-ization theorem [9℄, symboli
ally represented in �gure 1.4, allows to write thein
lusive DIS 
ross se
tions as a 
onvolution of two di�erent parts:�ep(x;Q2) = Xi2 partons fi=p(x; �2F )
 �ei(x;Q2; �2F ) : (1.8)�ei denotes the 
ross se
tion of the short distan
e intera
tion, i.e. the intera
tionbetween the ele
tron and the parton i, whi
h is 
al
ulable in perturbative QCD(pQCD). fi=p , the so-
alled long distan
e 
ontribution, 
orrespond to the PDF.The fa
torization s
ale, �2F , de�nes the s
ale at whi
h the non-perturbative (gluonradiation) e�e
ts are absorbed in the de�nition of the PDFs.Knowing the parton density fun
tions at a parti
ular value of Q2 , theevolution equations make possible the determination of fi=p(x;Q2) for any valuesof Q2 within the range of appli
ability of pQCD. There are di�erent evolutionequation s
hemes like DGLAP [10℄, BFKL [11℄ or CCFM [12℄, whi
h are useddepending on the 
onsidered range of x and Q2 .8
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p

e

fi=p�2F

Figure 1.4: Symboli
 representation of the QCD fa
torization theorem. �2F 
orre-sponds to the fa
torization s
ale.PDFs 
an be extra
ted from �ts to the measured data with the help of theevolution equations. The fa
torization theorem states that the parton densitiesare pro
ess independent. Thus, the PDFs determined for a given pro
ess 
an beused to make predi
tions for other pro
esses.Figure 1.5 shows the PDFs extra
ted from ZEUS and H1 next to leadingorder (NLO) QCD analysis of DIS data. The u- and d-quark densities dominateat large values of x & 0:3, while sea quarks and gluons be
ome relevant at lowervalues of x.1.2.3 Radiative ep s
atteringHigher order QED e�e
ts, su
h as emission of real photons and loop 
orre
tions,
ontribute to the Born level ep 
ross se
tion. Among these pro
esses, only thereal photon emission 
an be experimentally dete
ted. The lowest order Feynmandiagrams for the emission of a real photon from the lepton side are depi
ted in�gure 1.6. The amplitudes of both diagrams and the interferen
e between them
ontribute to the ep ! e
X 
ross se
tion, therefore there is no possibility todetermine whether a parti
ular event 
orresponds to the left or right diagram in�gure 1.6.For both Feynman diagrams in �gure 1.6, the 
orresponding amplitude 
on-tains in the denominator the following terms:(q02 �m2e)q2 for the left diagram and(q002 �m2e)q2 for the right diagram;where q0, q00 and q are the parti
le 4-momenta as depi
ted in �gure 1.6. Thedominant 
ontributions appear when these terms tend to zero and a

ordingwith this the following 
lassi�
ation [13℄ is given:9
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Figure 1.5: Proton PDFs extra
ted from ZEUS and H1 NLO QCD �ts at Q2 = 10GeV2 .� q02 ' 0 (or q002 ' 0) and q2 ' 0. This 
on�guration 
orresponds to theso-
alled bremsstrahlung pro
ess. The ele
tron and the photon s
atter avery small polar angles. This pro
ess has a high 
ross se
tion and it is usedto measure the luminosity in the ZEUS experiment (see se
tion 2.2.6).� q2 is �nite and either q02 ' 0 or q002 ' 0. In this 
on�guration the photonsare emitted 
ollinear either with the initial or �nal ele
tron. The �rst 
aseis 
alled Initial State Radiation (ISR) and its 
ross se
tion is dominatedby the left diagram in �gure 1.6. This pro
ess 
an be interpreted as a DISevent with a redu
ed 
enter of mass. The se
ond possibility is referred to asFinal State Radiation (FSR). These events usually 
an not be distinguishedfrom a normal DIS event. The small angles at whi
h the photon is emittedw.r.t the ele
tron dire
tion makes the experimental separation between thetwo is not possible.� q2 ' 0 and either q02 or q002 are �nite. This 
on�guration 
orresponds to the
ase in whi
h the ele
tron and the photon are dete
ted at large polar anglesand their total transverse momentum is 
lose to zero. This 
on�gurationis 
alled QED Compton S
attering4 sin
e it involves the s
attering of a4In the 
ontext of the analysis of the DVCS pro
ess, this 
on�guration is referred to as10
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Figure 1.6: Lowest order Feynman diagrams for the emission of a real photon fromthe ele
tron line.quasi-real photon on an ele
tron.1.3 Di�ra
tionRea
tions in whi
h no quantum numbers are ex
hanged between the high energy
ollinding parti
les are attributed to di�ra
tive intera
tions. They are 
hara
ter-ized by the presen
e of a large rapidity5 gap in the �nal state.These intera
tions were �rst observed in hadron-hadron s
attering. In the1960s, a phenomenologi
al model was developed in order to des
ribe the softhadron-hadron s
attering: the Regge theory [14℄. In this theory, the intera
tionsare viewed as ex
hanges of the so-
alled "Regge traje
tories" whi
h are 
lassi�eda

ording to their quantum numbers.The Regge model has been very su

essful in des
ribing the total 
rossse
tion for hadron-hadron 
ollisions as well as other properties of the elasti
and di�ra
tive produ
tion in hadron-hadron intera
tions. The total 
ross se
-tion �rstly de
reases with in
reasing 
enter-of-mass energy but then it starts torise again: the des
ription of this rise required the introdu
tion of a new traje
-tory with the quantum numbers of the va
uum, the Pomeron (P) traje
tory [15℄,whi
h is the traje
tory ex
hanged in di�ra
tive intera
tions.In �gure 1.7, the di�erential 
ross se
tion for elasti
 proton-proton s
atteringis plotted as a fun
tion of jtj, where t is the squared 4-momentum transfer betweenBethe-Heitler pro
ess. In this thesis this notation has been followed.5The rapidity is de�ned as y = 12 lnE+pjjE�pjj , where E is the energy and pjj is the longitudinalmomentum of a parti
le. 11



Chapter 1 Theoreti
al overviewthe two protons. The shape shows a large peak followed by minima and maxima.In 
lassi
al opti
s, this kind of pattern is asso
iated with the di�ra
tion of lighton a disk of radius R with the intensity, I, being expressed byII0 ' 1� R24 (k�)2; (1.9)where � is the s
attering angle and k denotes the wave number. For small valuesof jtj, the 
ross se
tion for elasti
 proton-proton s
attering 
an be approximatedby the expression d�dtd�dt (t = 0) ' e�bjtj ' 1� bjtj; (1.10)where the t-slope b 
an be written as b = R2=4 and, in analogy with the opti
al
ase, b is related to the target size, where R represents the transverse radius ofthe intera
tion. This behavior was found for other di�ra
tive rea
tions, so theterm di�ra
tion was adopted for all the pro
esses.1.3.1 Di�ra
tion in DISThe study of the di�ra
tive events found at HERA [16℄ has led to a signi�
antprogress in understanding the di�ra
tive ex
hange. Following the idea by Ingel-mann and S
hlein [17℄, the presen
e of a hard s
ale in the intera
tion 
ould helpto understand the nature of the Pomeron. Furthermore, it was tried to des
ribedin QCD the Pomeron as two-gluon ex
hange and this approa
h 
an be testedwith di�ra
tive events in DIS.A di�ra
tive pro
ess in DIS (see �gure 1.8) has a general forme(k) + P (p)! e0(k0) + P 0(p0) +X; (1.11)where X represents the �nal state originating from the proton and P 0 is the�nal state proton. For the 
omplete des
ription of the events it is ne
essary tointrodu
e new variables in addition to the usual DIS variables des
ribed in se
tion1.2: t = (p� p0)2; (1.12)xP = q � (p� p0)q � p ' M2X +Q2W 2 +Q2 ; (1.13)� = Q22q � (p� p0) = xxP ' Q2W 2 +Q2 ; (1.14)12
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Figure 1.7: Measurements of the di�erential 
ross se
tion for elasti
 pp s
attering asa fun
tion of jtj for di�erent values of the 
enter-of-mass energy.

Figure 1.8: S
hemati
 diagram of a di�ra
tive event in DIS.13



Chapter 1 Theoreti
al overviewwhere xP is the fra
tional proton momentum whi
h parti
ipates in the intera
tion,� is equivalent to the Bjorken x but relative to the momentum (p� p0) and MX
orresponds to the invariant mass of the hadroni
 �nale state.The 
ross se
tion for the in
lusive di�ra
tive s
attering 
an be expressed interms of the di�ra
tive stru
ture fun
tions FD2 and FDLd4�Dd�dQ2dxPdt = 4��2EM�Q2 �(1� y + y22 FD2 (�;Q2; xP; t)� y22 FDL (�;Q2; xP; t)�(1.15)Figure 1.9 shows the measurement of the FD2 at xP = 0:01 as a fun
tion ofQ2 in di�erent bins of �. FD2 in
reases with Q2 . This positive s
aling suggeststhat the partons probed in the di�ra
tive pro
esses are mainly gluons. Thefa
torization theorem was proven for di�ra
tion [18℄, leading to the de�nition ofthe di�ra
tive PDFs (DPDFs). Like in the 
ase of the usual PDFs, the di�ra
tivePDFs have been extra
ted from �ts to FD2 measurements and have been used topredi
t the 
ross se
tion for di�erent di�ra
tive pro
esses. However, the use ofthe di�ra
tive PDFs obtained at HERA is limited. Big dis
repan
ies have beenfound when des
ribing di�ra
tive events produ
ed in p�p at TEVATRON be
ausefa
torization in hadron-hadron 
ollisions does not hold due to the soft intera
tionsbetween the spe
tator partons [18, 19℄.The study of ex
lusive di�ra
tive events, like ve
tor meson produ
tion, ep!e0V p0, has also improved the understanding of di�ra
tion. Figure 1.10 shows the
ross se
tion for the produ
tion of di�erent ve
tor mesons as a fun
tion of W.The measurements were done in the photoprodu
tion (Q2 � 0) regime. The riseof the 
ross se
tion for the light ve
tor mesons is 
ompatible with the predi
tionsof Regge theory. For the heavy ve
tor mesons, where a hard s
ale is given bythe ve
tor meson mass, the rise is steeper than the Regge predi
tion. These kindof pro
esses are 
al
ulable within pQCD. The rapid in
rease of the 
ross se
tionwith W re
e
ts the rise of the gluon density at low x.1.4 The generalized parton distributionsThe study of the parton density fun
tions has played an important role in under-standing the stru
ture of hadrons. However, these phenomenologi
al fun
tionsare not the only way to parametrize the stru
ture of hadrons. In re
ent years,generalized parton distributions (GPDs) have be
ome a powerful tool to 
ontinuethe study of the 
omposition of hadrons. The GPDs en
ode information about14
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extrapol. fitFigure 1.9: Measurements of the di�ra
tive stru
ture fun
tion FD2 as a fun
tion ofQ2 . Plot taken from [20℄.the three-dimensional spatial stru
ture of the nu
leon, parton 
orrelations anddire
t measurements of the orbital angular momentum of the quarks. Re
entreviews on the GPDs 
an be found in [22℄.The fa
torization theorem is appli
able not only for in
lusive pro
esses,as explained in se
tion 1.2.2, but also for ex
lusive rea
tions in whi
h there is a�nite momentum transfer to the target. For these kind of rea
tions, the separationbetween short- and long-distan
e parts is possible and the long-distan
e terms areparametrized by GPDs. Pro
esses as Deeply Virtual Compton S
attering, whi
his the subje
t of this thesis, as well as the produ
tion of ve
tor mesons (VM)
an be des
ribed inside this framework. In �gure 1.11, the leading diagrams forDVCS and VM produ
tion are shown.The GPDs depend on the longitudinal momentum fra
tions x and �6 andon the Mandelstam variable t = (p � p0)2. The term longitudinal refers to thedire
tion of the initial and �nal state proton in a frame where both move fast.In the Bjorken limit, i.e. for Q2 ! 1 and xB7 being �xed, the skewedness is6Usually known as skewedness parameter.7Bjorken s
aling variable, as de�ned in the equation 1.4.15
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Figure 1.10: Measurement of the 
ross se
tion for the produ
tion of di�erent ve
tormesons in photoprodu
tion as a fun
tion of W. The lines illustrate di�erent power-lawenergy dependen
ies. Plot taken from [21℄.
x+ � x� �




P 0P GPD(x; �; t) GPD(x; �; t)P P 0

�
� 
� MV

Figure 1.11: QCD leading diagrams of DVCS and VM produ
tion.written as � � xB2� xB : (1.16)As seen in �gure 1.11 left, the parton and proton momenta are not the samein the left- and right-hand sides of the diagrams, therefore the GPDs representthe interferen
e between amplitudes des
ribing di�erent states of the nu
leon. In16



1.4 The generalized parton distributions Chapter 1this way, the GPDs enter in the 
al
ulation of s
attering amplitudes whi
h arefurther squared in order to obtain the 
ross se
tion, unlike the PDFs, whi
h arede�ned on the 
ross se
tion level.Using QCD evolution equations it is possible to determine the Q2 depen-den
e of GPDs. There are two di�erent regimes, the DGLAP region whi
h 
or-responds to jxj > � and the ERBL region, valid for jxj < �. The evolution hasbeen 
al
ulated in leading [23{26℄ and next-to-leading [27℄ order in �s.1.4.1 De�nition of the GPDsThe generalized parton distributions 
an be de�ned by the Fourier transforms ofthe hadroni
 matrix elements:Z d�2�ei�xhP 0 j  q(��n=2)
� q(�n=2) j P i =Hq(x; �; t)U(P 0)
�U(P ) + Eq(x; �; t)U(P 0) i�����2M U(P ) + � � � ;Z d�2�ei�xhP 0 j  q(��n=2)
�
5 q(�n=2) j P i =~Hq(x; �; t)U(P 0)
�
5U(P ) + ~Eq(x; �; t)U(P 0)
5��2M U(P ) + � � � ; (1.17)where jP i and hP 0j represent the quantum number of the in
oming and outgoingproton, respe
tively.  q(��n=2)
�
5 q and  q(��n=2)
� q(�n=2) represent aset of quark operators. U(P ) and U(P 0) are the Dira
 spinors of the proton and�� is de�ned as �� = P 0��P �. The ellipses denote the higher-twist distributions.In total there are eight GPDs for ea
h quark 
avor q. Four of them,Hq; ~Hq; Eq and ~Eq, 
onserve the parton heli
ity. Another four are de�ned inthe 
ase of parton heli
ity 
ip HqT ; ~HqT ; EqT and ~EqT . Also the pairs (Hq, Eq) and( ~Hq, ~Eq) are known as unpolarized and polarized GPDs respe
tively. Analogousde�nitions 
an be made for the gluons.Figure 1.12 shows the measurement done by the HERMES 
ollaboration ofthe 
ross se
tion for ex
lusive �+ produ
tion. This rea
tion is sensitive to thepolarized GPDs. Hen
e the data are 
ompared with GPD model 
al
ulations[28℄.1.4.2 Basi
 properties of the GPDsThe generalized parton distributions satisfy a set of 
onstraints whi
h lead to apartial knowledge of them in spe
i�
 kinemati
 regions.17
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σLFigure 1.12: Ex
lusive �+ produ
tion 
ross se
tion as a fun
tion of Q2 for di�erentxB range measured by the HERMES 
ollaboration. The lines 
orrespond to a GPDmodel 
al
ulations.In the forward limit, t ! 0 and equal heli
ities for initial and �nal stateproton, Hq and ~Hq redu
e to the ordinary spin-dependent and spin-independentquark distributions:Hq(x; 0; 0) = q(x) ~Hq(x; 0; 0) = �q(x); (1.18)note that when t goes to zero also � ! 0. For gluons, the relations read asHg(x; 0; 0) = xg(x) ~Hg(x; 0; 0) = x�g(x): (1.19)The distributions that do not 
onserve the heli
ity of the proton, E and ~Efor quark and gluons, are not a

essible in the forward limit and thus no relationsto the usual PDFs exists. Among the heli
ity 
ip distributions, only the HqT 
anbe measured in the forward limit and it is equivalent to the quark transversitydistribution usually denoted by Æq(x).The �rst moments of the quark GPDs are equal to the 
orresponding quarkform fa
tors in the nu
leon:Z 1�1 dxHq(x; �; t) = F q1 (t); Z 1�1 dxEq(x; �; t) = F q2 (t);Z 1�1 dx ~Hq(x; �; t) = GqA(t); Z 1�1 dx ~Eq(x; �; t) = GqP (t); (1.20)18



1.5 Deeply Virtual Compton S
attering Chapter 1where F q1 (t) and F q2 (t) are the Dira
 and Pauli form fa
tors and GqA(t) and GqP (t)are the axial and pseudos
alar form fa
tors.The Ji's sum rules [29℄ are related with the se
ond moments of the GPDs:Z 1�1 dx x[Hq(x; �; t) + Eq(x; �; t)℄ = Aq(t) +Bq(t);Z 10 dx x[Hg(x; �; t) + Eg(x; �; t)℄ = Ag(t) +Bg(t); (1.21)where A and B are the form fa
tors that appear in the polynomial de
omposition8of the GPDs. The importan
e of these expressions above arise from their relationwith the spin of the nu
leon. The spin of the nu
leon is given by the gaugeinvariant sum 12 = JQ + JG = 12�� + LQ + JG; (1.22)where �� and LQ are the quark spin and orbital angular momentum 
ontributionand JG is the total angular momentum of the gluons. In the limit t! 0JQ;G = 12[Aq;g(0) +Bq;g(0)℄: (1.23)Introdu
ing the above expression in the equations 1.21 it 
an be obtainedJQ = 12 Z 1�1 dx x[Hq(x; �; t) + Eq(x; �; t)℄; (1.24)where the � dependen
e disappears in the forward limit. Analogous expressionsare found for the gluons.From the relations above is 
lear the importan
e of the GPDs to solve thepuzzle of the spin of the nu
leon; in parti
ular, the LQ 
ontribution 
an be derivedsin
e there is information about �� whi
h 
omes from measurements of in
lusiveand semin
lusive polarized DIS. The total angular momentum of the gluons 
analso be obtained.1.5 Deeply Virtual Compton S
atteringThe ex
lusive lepton-nu
leon9 pro
esses have revealed to be a very useful tool inorder to study the hadron stru
ture in terms of GPDs. Among all, Deeply Virtual8The x-integral of xnHq and of xnEq are polynomials in � of order n+ 1.9i.e. the photoprodu
tion of lepton pairs, 
N ! l+l�N 0, or the neutrino produ
tion of areal photon, �lN ! lN 0
, are other pro
esses used for GPDs studies [30, 31℄.19



Chapter 1 Theoreti
al overviewCompton S
attering (DVCS), 
?p ! 
p0 , whi
h is de�ned as the di�ra
tiveprodu
tion of a real photon, is the most promising.The usual way to depi
t the DVCS pro
ess is with the 'handbag' diagrams,whi
h are shown in �gure 1.13, for leading order (LO) and next-to-leading order(NLO). For both 
ases, the real photon is originating from the quark line. InNLO, unlike in the LO 
ase, the virtual photon intera
ts with two gluons via aquark loop. The initial photon in the rea
tion is virtual and the outgoing photon

a) b)
e

e

γ*

p p

γ

x-ξ x+ξ

e
e

γ*

p p

γ

Figure 1.13: QCD diagrams for DVCS: a) LO diagram, where � is the skewednessparameter. b) NLO diagram showing the intera
tion of the photon with two glounsfrom the proton.is real whi
h means that the momentum fra
tion 
arried by the quarks is, ingeneral, unequal, as shown in the diagram (a) in �gure 1.13. This illustrates the
on
ept of GPDs as fun
tions that des
ribe two parton 
orrelations in the protonsin
e one is looking at what happens when a parton is removed from the protonand later repla
ed with di�erent momentum.One of the reasons why DVCS is the preferred pro
ess to study the GPDsis that its treatment, from the theoreti
al point of view, is well 
ontrolled. In
ontrast with the ex
lusive ve
tor meson produ
tion [32℄, DVCS does not su�erfrom un
ertainties asso
iated to the des
ription of the �nal state, sin
e this is areal 
. Also the e�e
ts of NLO [33{35℄ and sub-leading twist 10 [37{39℄ have beenstudied.As mentioned before (see se
tion 1.4), a

ording to the QCD fa
torizationtheorem, in the region ofQ2 large and small t, ex
lusive pro
esses 
an be expressed10The term twist stands for the order in M=Q in whi
h an operator matrix element 
on-tributes; e�e
ts labelled with twist-h enter in the hard pro
ess with a suppression higher than(M=Q)h�2 [36℄. 20



1.5 Deeply Virtual Compton S
attering Chapter 1by a 
onvolution of the 
omputable short-distan
e 
ross se
tions and the GPDs.Spe
i�
ally, the DVCS amplitudes 
an be written as a fun
tion of the ComptonForm Fa
tors (CFFs) [39℄,F =Xq Z 1�1 dxC�q (x; �)F q(x; �; t); (1.25)whi
h are the sum over the 
avor q of the 
onvolution of the perturbatively 
al-
ulable 
oeÆ
ient fun
tions C�q and the generalized parton distributions F q =Hq; Eq; ~Hq; ~Eq 11. The sign �(+) in the 
oeÆ
ient C applies to the CFFsF = H; E( ~H; ~E) 
orresponding to the GPDs F q = Hq; Eq; ( ~Hq; ~Eq).1.5.1 DVCS and Bethe-HeitlerAnother feature that makes DVCS a unique pro
ess to extra
t information onGPDs is its interferen
e with the Bethe-Heitler (BH) pro
ess. In BH, the photonis radiated from the initial or �nal lepton (see �gure 1.14).

a) b) 
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Figure 1.14: Diagrams illustrating the DVCS (a) and the BH (b) and (
) pro
esses.DVCS is studied in ep 
ollisions trough the rea
tione(k) + p(P )! e0(k0) + 
 + p0(P 0); (1.26)where the proton 
an either remain inta
t (elasti
 
ase), be ex
ited into a res-onan
e state (quasi-elasti
 
ase) or break up (inelasti
 
ase). Sin
e BH has thesame �nal state as DVCS, both me
hanism 
ontribute to the 
ross se
tion andhave to be added on the amplitude level, hen
ed�ep!e0
p0dxBdQ2djtjd� / jTDV CSj2 + jTBH j2 + (T ?DV CSTBH + TDV CST ?BH)| {z }I (1.27)11Hq; Eq ; ~Hq; ~Eq are the GPDs introdu
ed in se
tion 1.4.1.21



Chapter 1 Theoreti
al overviewwhere I represents the interferen
e term and � is the azimuthal angle between thelepton plane, de�ned by the initial and �nal lepton traje
tories, and the hadroni
plane whi
h is de�ned by the virtual and the real photon dire
tions.The three terms in (1.27) 
an be expressed as Fourier series in � [39℄. The
oeÆ
ients of the expansion are fun
tions of the CFFs and thus, related with theGPDs. For unpolarized12 target the expansions readjTDV CSj2 = e6y2Q2n
DV CS0 + 2Xn=1 
DV CSn 
os(n�) + �sDV CS1 sin(n�)o; (1.28)jTBH j2 = e6K2(1 + �2)2P1(�)P2(�)n
BH0 + 2Xn=1 
BHn 
os(n�)o; (1.29)I = �e6KytP1(�)P2(�)n
I0 + 3Xn=1 
In 
os(n�) + 2Xn=1 �sIn sin(n�)o; (1.30)where K � xByt and � � 2xBM=Q. The sign + (-) in the interferen
e term 
orre-sponds to positively (negatively) 
harged lepton beams. The symbol � stands forthe polarization of the lepton beams, i.e. � = +1 for longitudinal polarization.The lepton BH propagators, P1;2, introdu
e an additional dependen
e on � inthe interferen
e and pure BH terms, however this 
ontribution is kinemati
allysuppressed by at least 1/Q. Exa
t expressions of the Fourier 
oeÆ
ients for pureDVCS , pure BH and I 
ontributions 
an be found in [39℄, here we only dis
usssome general features:- Pure BH terms: 
BHnThe 
oeÆ
ients are expressed only as a fun
tion of the known Dira
 andPauli form fa
tors, F1(t) and F2(t).- Pure DVCS terms: 
DV CSn ; sDV CS1The 
oeÆ
ients are bilinear in the CFFs. While 
DV CS0 arise at twist-2 therest, 
DV CS1 and sDV CS1 , are twist-3 
ontributions and therefore suppressed.The 
oeÆ
ient 
DV CS2 is related to the twist-2 heli
ity-
ip gluoni
 GPDsbut is suppressed by �s-power 
orre
tions.- I terms: 
In; sInA 
ombination of CFFs appear linearly in the expressions of the 
oeÆ
ients.The twist-2 
ontributions are given by 
I0 ; 
I1 ; sI1 . 
I3 is related to heli
ity-
ip gluoni
 GPDs and therefore suppressed. The rest, 
I2 and sI2 are twist-3
ontribution and are suppressed.12The expansions for the 
ases of longitudinal or transverse polarized target 
an be found in[39℄. 22



1.5 Deeply Virtual Compton S
attering Chapter 1The a

ess to the GPDs 
an be done with the help of observables thatdisentangle the di�erent 
ontribution in the 
oeÆ
ients.Measurement of the total 
ross se
tion (see equation 1.27) integrated overthe angle � allow the extra
tion of the pure DVCS 
ross se
tion, �(
?p ! 
p0),sin
e the 
ontribution of the interferen
e term (
I0 ) is kinemati
ally suppressed atleading-twist. A simple subtra
tion of the BH 
ross se
tion from the total leadsto the DVCS 
ross se
tions. Indire
t insights on the GPDs, whi
h help to theirmodelling, 
an be a
hieved with the 
ross se
tion measurements.Using the interferen
e term it is possible to obtain information about thereal and imaginary parts of the TDV CS (see se
tion 1.5.4) and, sin
e the CFFsenter linearly in the 
oeÆ
ients they are more easily a

essible. Dire
t mea-surements of the GPDs are therefore possible. The observables that allow toextra
t information from the I are di�erent asymmetries, e.g. the beam-spin orbeam-
harge asymmetry.Measurements, 
on
erning 
ross se
tion as well as asymmetries, performeduntil now together with the relevant physi
s results are going to be reviewed inse
tions 1.5.3 and 1.5.4.1.5.2 Theoreti
al models for DVCSGPD-based modelPredi
tions for DVCS 
ross se
tion have been 
al
ulated by Frankfurt,Freund and Strikman within pQCD [40℄. This theoreti
al predi
tion will bereferred to as FFS model.The two ingredients to 
al
ulate the amplitude of the DVCS pro
ess are thehard and the soft 
ontributions. The value of the amplitude at the normalizationpoint Q20 is not known sin
e it is given by the soft 
ontributions (non-perturbativee�e
ts). The FFS model uses the aligned jet model (AJM) [41℄ to des
ribe the soft
ontribution. The hard 
ontribution is 
al
ulated based on the diagram shown in�gure 1.13b.The imaginary part of the DVCS amplitude was 
omputed with the AJMand 
ompared with the imaginary part of the DIS amplitudeR = =mTDIS=mTDV CS ' 0:5 (1.31)for typi
al AJM Q20 of 1-3 GeV2 . The AJM provides a reasonable des
ription ofthe stru
ture fun
tion F2, the 
omparison above enables the normalization of the23



Chapter 1 Theoreti
al overviewDVCS amplitude at the input s
ale using F2 data. The fa
tor R is dire
tly relatedto the ratio GPDs to PDFs [42℄. The imaginary part of the DVCS amplitude wasthen 
al
ulated at LO using the QCD evolution equation framework.The real part of the DVCS amplitude was obtained using a dispersion rela-tion � = <eTDV CS=mTDV CS = �2 d ln(=mTDIS)d ln(1=x) (1.32)where =mTDV CS was 
onne
ted via opti
al theorem with the DIS 
ross se
tionand therefore with the stru
ture fun
tion F2.The 
omplete formulae for the 
ross se
tion is given byd�DV CSdxdydtd� = ��3s4R2Q6 (1 + (1� y)2)e�bjtjF 22 (x;Q2)(1 + �2); (1.33)d�BHdxdydtd� = �3sy2(1 + (1� y)2)�Q4jtj(1� y) hGE(t) + jtj4m2pGM(t)1 + jtj4m2p i; (1.34)d�Idxdydtd� = ���3sy(1 + (1� y)2)2RQ5pjtj(1 + y) e�bjtj=2F2(x;Q2)�hGE(t) + jtj4m2pGM(t)1 + jtj4m2p i 
os(�); (1.35)where b is the slope of the exponential t-dependen
e, mp is the mass of the protonand GE(t) and GM(t) are the ele
tri
 and magneti
 form fa
tors, respe
tively.Further developments of this model 
an be found in [43℄. The main di�er-en
es are that the GPDs are evolved rather than the imaginary part of the DVCSamplitude and both part of TDV CS, imaginary and real, are 
omputed dire
tly.Color-Dipole based modelThe Color-Dipole model (CDM) [44℄ explains the di�ra
tive pro
esses froma perspe
tive di�erent to the one adopted until now. It has su

essfully des
ribedin
lusive di�ra
tion and ex
lusive pro
esses. The DVCS 
ross se
tion has been
al
ulated also using this model.The CDM assumes a fa
torization of the rea
tion in three subpro
esses (see�gure 1.15), whi
h are well separated in time:1. The virtual photon 
u
tuates into a q�q pair (
olor dipole).24



1.5 Deeply Virtual Compton S
attering Chapter 12. The 
olor-dipole intera
ts with the proton.3. The s
attered pair annihilates to form the �nal state, in our 
ase the realphoton.The time-s
ale in whi
h the dipole intera
ts with the proton are mu
hshorter than the life-time of the 
u
tuations and the time required for the for-mation of the �nal state. Therefore is a good approximation to 
onsider that theintera
tion itself is independent of the two other pro
esses. This assumption to-gether with the fa
t that the dipole is frozen 13 during the intera
tion leads to the
on
ept of the dipole 
ross se
tion, �d, whi
h des
ribes the s
attering probabilityof a dipole in a given 
on�guration.
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Figure 1.15: View of the intera
tion of the virtual photon with the proton in theColor-Dipole model.In the CDM, the amplitude for the DVCS pro
ess 
an be written asT (
?p! 
p0) = Zz;R  IN
? �d OUT
 (1.36)where  IN
? and  OUT
 represent the wave fun
tions for the in
oming virtual photonand outgoing real photon, respe
tively. The wave fun
tions are known from QED.The expression is integrated over all transverse sizes of the dipole R and all thelongitudinal momenta z of the quark in the pair.There are several approa
hes to 
al
ulate the dipole 
ross se
tion sin
e thishas not been 
al
ulated from �rst prin
iples. The di�erent predi
tions assumedi�erent 
ompositions of �d in terms of hard and soft 
ontributions. Some ofthese approa
hes for DVCS are summarized here:� Donan
hie and Dos
h model [45℄: in this model the 
on
ept of hard andsoft Pomeron is used. Small size dipoles predominantly intera
t via hard13At the small x typi
al of HERA (x . 0:01).25



Chapter 1 Theoreti
al overviewP whereas large dipoles intera
t via soft P. The �d is 
al
ulated in anon-perturbative model and has two free parameters determined by �tsto pp and p�p data.� Forshaw, Kerley and Shaw [46, 47℄ 
al
ulations for �d negle
ted the z de-penden
e for �d sin
e this has revealed to be small [48℄. The only importantdependen
es are on W 2 and R. The dipole 
ross se
tion is parametrized ina hard and a soft 
ontributions and �t to di�ra
tive stru
ture fun
tion andthe total photon-proton 
ross se
tion data.� M
Dermott, Frankfurt, Guzey and Strikman [47, 49℄ propose a model inwhi
h the dependen
e is not only on W 2 and R but also on Q2. The �dis divided in three terms depending on the size R. For small R the 
rossse
tion is related to the LO gluon distribution. The region of large R isrelated with the total pion-proton 
ross se
tion. For medium values of Rthe 
ross se
tion is interpolated linearly.� Favart and Ma
hado [50℄ have based their approa
h on the saturation modelwhi
h interpolates su

essfully between small and large size 
on�gurations.The parameters of the model are obtained from the small x HERA data.1.5.3 DVCS 
ross se
tion measurementsMeasurements of the DVCS 
ross se
tion are important to model the GPDs andalso to help to understand di�ra
tion in QCD. The HERA 
ollider experiments,H1 and ZEUS, have performed the �rst measurements of the DVCS 
ross se
tion[1, 2℄.The dependen
e of the DVCS 
ross se
tion, �(
?p!
p0), on W and Q2 areshown in �gure 1.16. The measurements are 
ompared with a GPD-based model[43℄ and a 
olor-dipole based model [44℄. The data sets are in agreement withboth des
riptions. The W dependen
e of the 
ross se
tion shows the steep risewhi
h is typi
ally of hard pro
esses. A �t to the form W Æ has been performedresulting in Æ = 0:75� 0:15+0:08�0:06 (Æ = 0:77� 0:23� 0:19) for ZEUS (H1). TheseÆ values are 
ompatible with the value determined for the J= ele
troprodu
tion[53℄. Also the dependen
e on Q2 has been studied performing a �t to the form1=Q2n. Results obtained by ZEUS are shown in �gure 1.17. One of the mainun
ertainties in the theoreti
al predi
tions is the slope b of the t-dependen
e.Measurements of the t-dependen
e have been performed by H1 (see �gure 1.17).26
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Figure 1.16: DVCS 
ross se
tion as a fun
tion of W for < Q2 >= 8 GeV2 (left)and as a fun
tion of Q2 for < W >= 82 GeV (right) as measured by H1 and ZEUS .Predi
tions from GPD-based models and 
olor-dipole models are shown.
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Figure 1.17: DVCS 
ross se
tion as a fun
tion of Q2 as measured by ZEUS (left), thesolid line is the result of the �t 1=Q2n. Measurement of the t-dependen
e of the DVCS
ross se
tion by H1 (right). The measured values of b slope are shown.1.5.4 DVCS asymmetry measurementsThe de�nition of di�erent asymmetries allows to exploit all the information 
on-tained in the interferen
e term of BH and DVCS pro
esses and hen
e, a dire
ta

ess to the GPDs. This se
tion is fo
ussed on the asymmetries de�ned for unpo-larized targets. De�nition and 
hara
teristi
s of asymmetries related to polarizedtargets 
an be found in [39, 43, 52℄.The beam-spin asymmetry (ASL) is de�ned asASL = R �0 d��SL� � R 2�� d��SL�R 2�0 d�(d�" + d�#) ; (1.37)27



Chapter 1 Theoreti
al overviewwhere �SL� = d�" � d�# and " and # mean that the lepton is longitudinallypolarized along or against its dire
tion.The beam-
harge asymmetry (AC) is de�ned asAC = R �=2��=2 d��C� � R 3�=2�=2 d��C�R 2�0 d�(d�+ + d��) ; (1.38)where �C� = d�+ � d�� and the sign +(-) 
orrespond to the 
ross se
tion forpositron (ele
tron) beam.The azimuthal angle asymmetry (AAA) is de�nedAAA = R �=2��=2 d�(d� � d�BH)� R 3�=2�=2 d�(d� � d�BH)R 2�0 d�d� ; (1.39)where the d�BH refers to the pure BH 
ontribution. This 
ontribution has to besubtra
ted sin
e it does not vanish after the �-integration due to a term/ 1=P1P2[43℄. Using the equations 1:28 � 30 to evaluate the asymmetries de�ned above,only sin� and 
os� dependen
ies remain, hen
eASL / 1
BH0 sI1 sin� / sin� =m(M) (1.40)AC / 1
BH0 
I1 
os� / 
os� <e(M) (1.41)AAA / 1
BH0 
I1 
os � / 
os� <e(M) (1.42)where M represent a 
ombination of DVCS amplitudes. As we 
an see, using thebeam-spin and the beam-
harge asymmetries, it is possible to have a

ess to the
omplete DVCS amplitude, real and imaginary part. The AAA and AC show thesame dependen
e on �, therefore measurements of these two quantities provide avaluable 
ross 
he
k. The termM 
orresponds to the following CCF 
ombinationM = F1H + xB2� xB (F1 + F2) ~H� t4m2F2E ; (1.43)the dominant term 
orresponds to the unpolarized CFF H, sin
e ~H and E aresuppressed for the typi
al small values of x and t at HERA. For proton s
attering,the GPD Hu gives the main 
ontribution due to the u-quark dominan
e. Theasymmetries explained in this se
tion have predi
ted to be sizeable in the HERA28



1.5 Deeply Virtual Compton S
attering Chapter 1kinemati
 domain. The theoreti
al predi
tions for these observables 
an be foundin [43℄.The �rst measurements of DVCS asymmetries have been published by theHERMES [55℄ and CLAS [3℄ 
ollaborations at HERA and Je�erson Labora-tory, respe
tively. In �gure 1.18 the HERMES results are shown. The left plotshows the measurement of ASL14 as a fun
tion of the angle � [4℄. The pre-
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Figure 1.18: DVCS asymmetry measurements. Beam-spin asymmetry (left) as afun
tion of � shows the expe
ted sinusoidal dependen
e. Beam-
harge asymmetry(right) as a funtion of �t is 
ompared with di�erent theoreti
al models for the GPDs.Both measurements were performed by HERMES 
ollaboration.di
ted sinusoidal dependen
e (see 1.40) is 
learly seen in the plot. The right plotshows the dependen
e of the bean 
harge asymmetry as a fun
tion of �t [56℄.The experimental data are 
ompared with di�erent theoreti
al predi
tions forthe GPDs. The GPD models shown use either a fa
torized t-dependen
e with(dashed-dotted) or without (dotted) the D-term 
ontribution15, or a Regge in-spired t-dependen
e with (dashed) or without (solid) the D-term 
ontribution.The data seem to favor to the Regge model and demonstrate the importan
e ofthe asymmetry measurements to distinguish between the di�erent GPDs models.A review of other asymmetry measurements 
an be found [58℄.14Note the di�erent notation for ASL whi
h is labeled in the plot as ALU .15This term was added to satisfy the polynomiality 
ondition of the parametrization of theGPDs done by the Double Distribution formalism [57℄.29
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Chapter 2The ZEUS dete
tor at HERA
This 
hapter provides a brief overview of the HERA a

elerator and the ZEUSdete
tor. The 
omponents of the dete
tor relevant for this analysis are reviewedin more detail.2.1 The HERA a

elerator

Figure 2.1: Aerial view of the DESY laboratory in Hamburg. The lo
ation of theHERA and PETRA a

elerators is indi
ated by dashed lines.HERA [59℄ is the only a

elerator in the world whi
h 
ollides ele
trons orpositrons with protons. It is lo
ated at the Deuts
hes Elektronen Syn
hroton(DESY) laboratory in Hamburg, Germany (see �gure 2.1). HERA started to bebuilt in 1984 and is operating sin
e 1992. The HERA tunnel is situated 10-25meters underground and has a 
ir
umferen
e of 6.3 km. Two storage rings, one forthe ele
trons or positrons and one for the protons are situated inside the tunnel.31



Chapter 2 The ZEUS dete
tor at HERAIn the ele
tron ring, normal 
ondu
ting 
avities are used in order to a

eleratethe beam, whereas super
ondu
ting 
avities are used for the proton beam. Thetwo parti
le beams are brought to 
ollision in two points along the 
ir
umferen
ewhere the experiments ZEUS and H1 are pla
ed (�gure 2.2).
HERA

PETRA

DORIS

HASYLAB

Hall NORTH (H1)

Hall EAST (HERMES)

Hall SOUTH (ZEUS)

Hall WEST  (HERA-B)

Electrons / Positrons

Protons

Synchrotron Radiation

360 m

779 m

Linac
DESY

Figure 2.2: S
hemati
 view of HERA a

elerator.Two more experiments are using the beams provided by HERA, HERMESand HERA-B, whi
h are �xed-target experiments. HERMES is lo
ated in theeast area and uses the ele
tron beam to study the spin stru
ture of the nu-
leon by s
attering longitudinally-polarized ele
trons o� polarized gas targets.HERA-B, lo
ated in the west area was designed to measure CP-violation in theB0B0-system. The B-mesons were produ
ed by means of 
ollisions of the protonbeam halo with a wire target. HERA-B stopped taking data in 2003.HERA started operation a

elerating positrons to 27.5 GeV and protonsto 820 GeV. The initial 
on�guration 
hanged in 1998 when the positrons wererepla
ed by ele
trons and the energy of the proton was in
reased to 920 GeV. Oneyear later, HERA swit
hed ba
k to positron-proton 
ollisions and 
ontinued thisway until 2000. During this data-taking period, the total luminosity deliveredby HERA was 193.24 pb�1, in
luding 25.2 pb�1 of the ele
tron-proton runningperiod. 32



2.1 The HERA a

elerator Chapter 2At the end of 2000, HERA was shut down for an upgrade [60℄. The goals ofthe upgrade were to a
hieve a higher spe
i�
 luminosity and to in
orporate thespin rotators that provide longitudinally polarized lepton beams at the intera
tionpoints of the H1 and ZEUS experiments. In 2002, HERA started operationagain with positron-proton 
ollisions and at the end of 2004 swit
hed to ele
tron-proton 
ollisions and ba
k to positron 
ollisions middle of 2006. The luminositiesdelivered for the di�erent running periods are shown in �gure 2.3.

Figure 2.3: Luminosities delivered by HERA during 1993-2000 (HERA I) and 2003-2006 (HERA II) [61℄.2.1.1 Polarized lepton beamsIn HERA, the lepton beam be
omes naturally transversely polarized through theSolokov-Ternov e�e
t [62℄. Ele
trons moving inside a magneti
 �eld ~B radiate.A small fra
tion of this emitted radiation 
auses the spins to 
ip from parallelto antiparallel to ~B and vi
e versa. The two spin 
ip probabilities are slightlydi�erent and, therefore, after some time, the beam be
omes polarized along the�eld. The time evolution of the polarization is given byP (t) = PST (1� e� t� ); (2.1)where PST is the asymptoti
 polarization and � is the build-up time. Theseparameters are given by the a

elerator design1.1For HERA, PST = 0:924 and � � 40 minutes.33



Chapter 2 The ZEUS dete
tor at HERASpin rotators 
onvert the transversely polarized beam to a longitudinallypolarized beam. In the a
tual 
on�guration, there are three pairs of spin rotatorsinstalled in HERA, one pair around HERMES and the other two around the H1and the ZEUS experiment (see �gure 2.4).
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Figure 2.4: S
hemati
 view of the HERA. The lo
ation of the spin rotators andpolarimeters is shown.The polarization of the beam is measured using the spin-dependent 
rossse
tion for Compton s
attering of 
ir
ularly polarized photons o� ele
trons [63℄.Two independent polarimeters are used to perform the measurement: the trans-verse polarimeter (TPOL) [63℄ and the longitudinal polarimeter (LPOL) [64℄.Basi
ally, the polarimeters 
onsist of a laser to produ
e a linearly polarized pho-ton beam, a Po
kels 
ells to turn this linear light into 
ir
ularly polarized lightwhi
h 
ollides with the lepton beam from the a

elerator and the ba
ks
atteredphotons are dete
ted by 
alorimeters. In the TPOL, the transverse polarization isobtained measuring the di�eren
e in the mean verti
al positions of the s
atteredphotons for left and right 
ir
ularly polarized light. For the longitudinal polariza-tion measurement, the LPOL uses the asymmetry in the energy of the photonsunder reversal the laser photon heli
ities. The un
ertainty in the polarizationmeasurement, ÆP=P , is 1.6 % using the LPOL and 3.5 % using the TPOL [65℄.2.2 The ZEUS dete
torThe ZEUS dete
tor is a general purpose magneti
 dete
tor with an almost her-meti
 
overage designed to study the di�erent pro
esses of lepton-proton s
at-34



2.2 The ZEUS dete
tor Chapter 2tering at HERA. With a size of 12� 11� 20 m3 and a weight 3600 tons, it hasbeen built and operated by a 
ollaboration of more than 400 physi
ists from 51institutes in 12 di�erent 
ountries. Sin
e 1992, when ZEUS started operations,several dete
tor upgrades have been 
arried out as a 
onsequen
e of the physi
sand the te
hni
al understanding gained during the �rst years of data taking.The ZEUS 
oordinate system is shown in �gure 2.5. It is a right-handedorthogonal system with the origin at the nominal intera
tion point (IP), the z-axis pointing in the proton beam dire
tion (de�ning the forward dire
tion), they-axis pointing up-wards and the x-axis pointing horizontally toward the 
enter ofHERA. The polar angle of the proton(ele
tron) beam, �, measured with respe
tto the z-axis, is 0Æ(180Æ). The azimuthal angle � is measured with respe
t to thex-axis.
y

up

proton
z x

machine
centre

electron
ρ

ϕθ

Figure 2.5: The ZEUS 
oordinate system.Figures 2.6 and 2.7 show the 
ross se
tion of the ZEUS dete
tor along andperpendi
ularly to the beam axis, respe
tively. A brief overview is given belowfollowed by a more detailed des
ription of the dete
tor 
omponents relevant forthis analysis. For a 
omplete des
ription refer to [66℄.In the ZEUS dete
tor, the intera
tion point is surrounded by the tra
kingsystem. The innermost dete
tor is a sili
on-strip Mi
ro Vertex Dete
tor (MVD,see se
tion 2.2.5), whi
h was installed during the shutdown of 2001 (until 1996-95 the vertex dete
tor (VTX) was lo
ated in its pla
e). The Central Tra
kingDete
tor (CTD, see se
tion 2.2.4), a 
ylindri
al proportional wire drift 
hamber,en
loses the beam pipe at the intera
tion point. It is surrounded by a super-
ondu
ting solenoidal magnet providing a �eld of 1.43 T for the determination35



Chapter 2 The ZEUS dete
tor at HERA

Figure 2.6: Cross se
tion of the ZEUS dete
tor along the beam axis.of the 
harge and the momentum of 
harged parti
les. In the forward and reardire
tions additional tra
king information is provided by the FTD/STT (labeledas FDET in �gure 2.6) and RTD 
hambers respe
tively. The FTD 
onsists ofthree sets of planar drift 
hambers. The STT, whi
h 
onsists of two modulesbuilt of straw tube layers, �lls the gaps between the three 
hambers of the FTD.The STT is the repla
ement of a transition radiation dete
tor system (TRD)whi
h was removed in 2001. The RTD is made of one planar drift 
hamber withthree layers.Surrounding the tra
king system, a 
ompensating high resolution UraniumCalorimeter (CAL, see se
tion 2.2.1) is installed. The 
alorimeter is the maindevi
e to perform energy measurements. It is divided into forward (FCAL), barrel(BCAL) and rear (RCAL) se
tions. Atta
hed to the front fa
e of the RCAL,the Small-angle Rear Tra
king Dete
tor (SRTD, see se
tion 2.2.2) is lo
ated.Presampler dete
tors (FPRES, BPRES, RPRES) are mounted on the front of the
alorimeter. These dete
tors are used to estimate the energy loss by the parti
lesdue to intera
tions with ina
tive material lo
ated in front of the 
alorimeter.The Hadron-Ele
tron Separator (HES, see se
tion 2.2.3) is installed after threeradiation lengths inside the forward and the rear se
tion of the 
alorimeter. TheCAL is surrounded by an iron yoke, whi
h provides a return path for the magneti
�eld 
ux and serves as absorber for the Ba
king Calorimeter (BAC). The BAC36
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Figure 2.7: Cross se
tion of the ZEUS dete
tor perpendi
ular to the beam axis.measures the energy leakage from the main 
alorimeter and a
ts as a tra
king
alorimeter for muons. The muon dete
tor systems are pla
ed inside (FMUI,BMUI, RMUI) and outside (FMUON, BMUON, RMUON) the iron yoke.The VETO wall is a iron-s
intillator dete
tor lo
ated in the rear part and itis used to reje
t ba
kground from the proton beam-gas intera
tions. The timinginformation provided by the VETO wall together with the one given by the C5
ounter is also used to reje
t proton beam-gas events. The C5 
ounter is pla
edat the rear end of the 
alorimeter.Down the beam pipe, in the rear dire
tion, the luminosity measurementis performed by the Luminosity Monitor (LUMI) and the Spe
trometer (SPEC)systems (see se
tion 2.2.6).2.2.1 The Calorimeter (CAL)The ZEUS 
alorimeter [67{70℄ is a high resolution Uranium-S
intillator Calorime-ter. It is one of the most essential dete
tors for the re
onstru
tion of the ep s
at-37



Chapter 2 The ZEUS dete
tor at HERAtering �nal state. The 
alorimeters are devi
es whi
h measure the parti
le energyusing the energy of the shower produ
ed by the intera
tion of the parti
les withthe dete
tor mass.

Figure 2.8: S
hemati
 view of the CAL.The CAL is a sampling 
alorimeter 
onsisting of alternating layers of de-pleted uranium2 as absorber medium and organi
 s
intillator as a
tive mate-rial. The thi
kness of the layers is 3.3 mm and 2.6 mm for the uranium andthe s
intillating material, respe
tively. These values have been optimized to ob-tain the same response to ele
tromagneti
 and hadroni
 intera
ting parti
les ofequal energy. This property, 
alled 
ompensation, was a
hieved with a fa
tor ofe=h = 1:00� 0:05.The energy resolutions of the CAL measured under test beam 
onditionsare, for ele
trons �eE = 18 %pE � 2 % (2.2)and for hadrons �hadE = 35 %pE � 1 % : (2.3)with E in GeV.The 
alorimeter 
onsists of three parts FCAL, BCAL and RCAL, with di-�erent polar-angle 
overage as shown in �gure 2.8. Also the se
tions have di�erent2(98:1% U238; 1:7% Nb; 0:2% U235) 38



2.2 The ZEUS dete
tor Chapter 2FCAL BCAL RCAL�-range 2:5Æ � 39:9Æ 36:7Æ � 129:1Æ 128:1Æ � 178:4ÆEMC rad. length X0 25:9 22:7 25:9Intera
tion length � 7:14 4:92 3:99EMC 
ell dimensions 20 � 5 
m2 20 � 5 
m2 20 � 10 
m2HAC 
ell dimensions 20 � 20 
m2 20 � 20 
m2 20 � 20 
m2Table 2.1: Basi
 properties of the three regions of the CAL.thi
knesses. Sin
e the �nal state parti
les are boosted to the forward (proton) di-re
tion, the FCAL region is the thi
kest one with � = 7:14, followed by the BCALwith � = 4:92 and the RCAL with � = 3:99, where � is the intera
tion length. Allthe se
tions are divided in modules (see �gure 2.9). The FCAL and RCAL have23 modules ea
h, whereas the BCAL 
onsists of 32 
alorimeter modules. Ea
hof these modules is subdivided in towers of 20 � 20 
m2, whi
h are segmentedlongitudinally into an ele
tromagneti
 (EMC) and two (only one for the RCAL)hadroni
 (HAC) se
tions. The EMC se
tions are further transversely divided intofour 
ells (only two for the RCAL). The basi
 properties of the di�erent regionsof the CAL are summarized in table 2.2.1.

Figure 2.9: Layout of a FCAL module.Ea
h of the 
alorimeter 
ells is read out on two opposite sides in x dire
tionby photomultiplier tubes (PMTs), that re
eive the s
intillator light via wave-39



Chapter 2 The ZEUS dete
tor at HERAlength shifters. Using this kind of readout, the energy measurement be
omesindependent of the impa
t position within the 
ell, sin
e the signals of the twoPMTs are summed up. The 
omparison of the amplitude of the two signals al-lows the determination of the horizontal impa
t position. The ex
ellent timeresolution of the CAL, of the order of 1-2 ns, allows the reje
tion of ba
kgroundevents.The energy 
alibration of the CAL was performed using test beam measure-ments with di�erent parti
les types of di�erent energies. Continuous monitoringof the 
alibration is done using the signal from the radioa
tive de
ay of the 238U(half-life 4:5 � 109 years). The PMTs and the readout ele
troni
s are additionally
alibrated using LED, LASER and test pulses.2.2.2 The Small-angle Rear Tra
king Dete
tor (SRTD)The SRTD [71℄ was designed to improve the energy and position measurement ofthe ele
trons and 
harged parti
les around the beam pipe in the RCAL region.It is atta
hed to the front fa
e of the RCAL and 
overs an area of 68 � 68 
m2(ex
luding the beam pipe hole). The dete
tor 
onsists of two planes of s
intillatorstrips, ea
h with four quadrants of 24 
m � 44 
m. The strips are arranged inthe x dire
tion in one of the planes and in the y dire
tion in the other (see �gure2.10). The total number of the strips is 272 and they have a width of 1 
m.

01

44
45

68

68

25
24

01

01

25 68

Vertical strips

1

4

2

3

24

Horizontal strips

Figure 2.10: Orientation and numbering s
heme of the strips of the two SRTD planes.Ele
trons whi
h lost energy through showers in ina
tive material in front ofthe CAL deposit more energy in the SRTD than non-showering ele
trons. These40



2.2 The ZEUS dete
tor Chapter 2energy deposits 
an be used to 
orre
t for this energy loss. Using this methodan improvement in the measurement of the ele
tron energy is a
hieved. For theposition measurements, the SRTD provides a resolution of 3 mm. In addition,the fast time measurements provided by the SRTD (resolution of � 2 ns) are usedto reje
t ba
kground events.2.2.3 The Hadron-Ele
tron Separator (HES)The HES dete
tor [72℄ 
onsists of two layers of 3 � 3 
m2 sili
on diodes. Oneis lo
ated in the RCAL (RHES) and one in the FCAL (FHES) at a longitudinaldepth of 3.3 radiation length X0 whi
h 
orresponds to the approximate positionof the ele
tromagneti
 shower maximum in the CAL. Due to the fa
t that thehadroni
 intera
tion length is 33 times larger than the ele
tromagneti
 radiationlength, the signals produ
ed by hadrons in the HES are smaller. This providesthe possibility to distinguish between ele
trons and hadrons. The HES providesa spatial resolution of � 9 mm for single hits. In 
ase of more hits, 
lusters areformed and the resolution in the parti
le position improves up to � 5 mm.2.2.4 The Central Tra
king Dete
tor (CTD)The CTD [73℄ is a 
ylindri
al drift 
hamber whi
h measures the dire
tion andmomentum of 
harged parti
les and the energy loss dE=dx, whi
h is used forparti
le identi�
ation. Its a
tive volume ranges from z = -100 
m to z = 104 
m.The inner and outer radius are 18.2 
m and 79.4 
m respe
tively. It 
overs polarangles of 15Æ < � < 164Æ and has a 
omplete azimuthal angular 
overage. TheCTD is �lled with a mixture of argon, ethane and 
arbon dioxide in proportionsof 82:13:5.The CTD 
onsists of 
ells made up of 8 sense wires (see �gure 2.11). Thewires 
olle
t the signals produ
ed by the 
harged parti
les whi
h, passing throughthe gas, ionize the gas mole
ules along their traje
tories and the produ
ed ele
-trons and positive ions drift towards the wires.The 
ells are arranged in 9 superlayers (SL). The wires of the odd numberedSLs are parallel to the beam axis, whereas for the even numbered SLs they arein
lined by a \stereo" angle of � �5Æ (see �gure 2.12). This allows the determi-nation of the z position of the hit with an a

ura
y of � 2 mm. In addition,the 1, 2, 3 SLs are equipped with a z-by-timing system whi
h determines thez-position using the arrival times at both ends of the CTD. This method is usedmainly for trigger purposes. 41
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Figure 2.11: Layout of a drift 
ell in the CTD.The transverse momentum resolution [74℄ for tra
ks �tted to the intera
tionvertex and with pT > 150 MeV , is given by�(pT)pT = 0:0058 � pT � 0:0065� 0:0014=pT ; (2.4)where pT is given in GeV and the symbol � indi
ates that the three terms areadded in quadrature. The �rst term results from the position resolution, whereasthe se
ond and third ones are due to multiple s
attering before and inside theCTD, respe
tively. With the installation of the Mi
ro Vertex Dete
tor (MVD,see se
tion 2.2.5) during the upgrade of the ZEUS dete
tor in 2001, the resolutionof the 
ombined CTD+MVD tra
king [75℄ is given by�(pT)pT = 0:0026 � pT � 0:0104� 0:0019=pT: (2.5)2.2.5 The Mi
ro Vertex Dete
tor (MVD)The sili
on-strip Mi
ro Vertex Dete
tor (MVD) was installed during the shutdownin 2001. Its aim is the improvement of the tra
king and vertexing 
apabilities,in order to in
rease the a

eptan
e for high-Q2 and heavy 
avor physi
s [76℄.The impa
t of the MVD in the analysis presented in this thesis is limited to theimprovements in the tra
king re
onstru
tion using CTD+MVD hits, but in thefuture it might be used as a handle for the proton disso
iative ba
kground bydete
ting a
tivity in the forward region.The physi
 requirements and the 
onstraints imposed by the available spa
einside the CTD result in the following design 
hara
teristi
s for the dete
tor:42
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Figure 2.12: A xy-
ross se
tion of one o
tant of the CTD.� polar angular 
overage of 10Æ < � < 150Æ,� measurement of three points per tra
k, in two proje
tions ea
h� at least 20�m hit resolution,� two-tra
ks separation of 200 �m,� inner and outer radius limited by the inner volume of the CTD and thebeam-pipe volume,� hit eÆ
ien
y better than 95%,� noise o

upan
y better than 10�3.The MVD [77℄ is divided into two parts, the barrel (BMVD) and foward(FMVD) dete
tors. The BMVD is surrouding the intera
tion point and has alength of 64 
m. The FMDV is lo
ated next to the barrel region and extends toz = 72.9 
m in the forward dire
tion. A s
hemati
 view of the MVD is shown in�gure 2.13.The BMVD 
onsists of single sided sili
on sensors with dimensions of 64 �64 mm2 and thi
kness of 320 �m. Ea
h sensor has 512 readout strips with a pit
hof 120 �m. The hit position 
an be measured very pre
isely 
omparing the 
hargefra
tions between two readout strips. The split of the 
harge is done via 
apa
itivedivision. The single hit resolution determined during test beam measurements is43
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Figure 2.13: Layout of the MVD in the xy-view (left) and along the beam dire
tion(right).120 �m. The sensors are arranged in double sided modules whi
h are mountedin three 
on
entri
 Al layers around the intera
tion point. The inner layer is not
omplete due to the ellipti
al shape of the beam pipe.The forward se
tion 
onsists of four wheels whi
h are made of two layers of14 sili
on sensors. Unlike the barrel sensors, the FMVD ones have a trapezoidalshape. In ea
h of the wheels, the two layers are parallel but the strips are tiltedby 180Æ/14 in opposite dire
tions.2.2.6 The luminosity measurementThe event rate R for a given pro
ess with a 
ross se
tion � is related to theluminosity L by R = L � � (2.6)Therefore, an a

urate measurement of the luminosity is 
ru
ial for the extra
tionof any 
ross se
tion. The values of the luminosity 
an be 
al
ulated either fromthe beam parameters or using a well known and pre
isely 
al
ulable pro
ess andapplying Eq. 2.6.In ZEUS, the L determination is done using bremsstrahlung events ep !e
p. The main reasons to 
hoose this pro
ess were that it has a large 
rossse
tion whi
h is also well known from the theory. In addition, the pro
ess has a
lean experimental signature: the 
oin
iden
e of an ele
tron and a photon at smallangles with respe
t to the lepton beam dire
tion, with energies that add up to theinitial ele
tron energy. The luminosity measurement is performed by two systems:the Luminosity Monitor (LUMI) and the Spe
trometer (SPEC). The LUMI has44
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 view of the LUMI (left) and the SPEC (right).been used sin
e the beginning of the data taking, whereas the SPEC was designedfor the new s
enario after the HERA upgrade in 2001, in whi
h the in
rease ofthe syn
hrotron radiation and the high probability of bremsstrahlung photons inea
h bun
h 
rossing posed new 
hallenges to the luminosity measurement. TheLUMI system has also been improved in order to adapt it to the new 
onditions.In the LUMI system, the measurement is based on 
ounting the rate ofbremsstrahlung photons. The dete
tor is lo
ated downstream of the lepton beam(see �gure 2.14). The bremsstrahlung photons leave the beam pipe through aCu-Be window of a thi
kness of 0.0095X0 whi
h is situated at z = -92.5 m andthey are dete
ted by a lead-s
intillator sampling 
alorimeter at z = -107 m. Theenergy resolution of the 
alorimeter is �(E)=E = 23%=pE. The measurement ofthe photon rate is 
orre
ted for the ba
kground 
oming from the bremsstrahlungof leptons with the residual gas in the beam pipe. The pre
ision of the luminositymeasurement is 1.5-2.2%. The largest un
ertainty 
omes from the a

eptan
e ofthe photon 
alorimeter. A more detailed des
ription of the LUMI 
an be foundin [78℄.The measurements in the SPEC [79℄ are also based on 
ounting the rateof bremsstrahlung photons, but unlike in the LUMI system, there is not a dire
tmeasurement of them, but in this 
ase the photons are dete
ted through their pair
onversion, 
 ! e+ e�, in the material of the exit window. The window of theSPEC is lo
ated 92 m from the nominal intera
tion point. Approximately 10% ofthe photons 
onvert into a pair. This fra
tion of 
onverted photons is uniform overthe surfa
e of the window. The 
onverted pairs, after transversing the 
ollimators,are split verti
ally by a magneti
 dipole. Finally the ele
trons and positrons aredete
ted by a segmented tungsten-s
intillator sampling 
alorimeter. A s
hemati
layout of the SPEC is shown in �gure 2.14. With the 2004 data 
olle
ted by45



Chapter 2 The ZEUS dete
tor at HERAZEUS, the estimated error for the luminosity measurement was 3.5%, however itis expe
ted to de
rease down to �2% with a better understanding of the dete
tor.2.2.7 Trigger and data a
quisitionThe HERA a

elerator delivers a bun
h 
rossing rate of 10.4 MHz. This rate isdominated by beam-gas intera
tions, whi
h 
ontribute about � 10-100 kHz. In
ontrast, the rate of interesting ep events is several orders of magnitude smaller(e.g. for NC DIS events, with Q2 > 100 GeV2 , the rate3 is about 0.1 Hz).In order to sele
t the interesting events, the ZEUS experiment has a three-level, pipe-lined trigger system [66, 80℄ whi
h a
hieves the ne
essary rate redu
tiontogether with a high eÆ
ien
y in sele
ting the physi
s events. A s
hemati
 viewof the trigger is shown in �gure 2.15.The First Level Trigger (FLT) is a hardware trigger whi
h redu
es the out-put rate below 1 kHz. The 
entral 
omponents of the ZEUS dete
tor have theirown FLT ele
troni
s and produ
e their own trigger de
ision based on raw quan-tities. These de
isions are taken within � 2�s after a bun
h 
rossing and thenthey are sent to the Global First Level Trigger (GFLT). Within � 4�s, the GFLTde
ides whether the event should be passed onto the next trigger level.The Se
ond Level Trigger (SLT) is based on a transputer network. It isdesigned to redu
e the rate to 50-100 Hz. The di�erent 
omponents of the SLTsend the information to the Global Se
ond Level Trigger (GSLT). The time forthe GSLT to take a de
ision is longer than at the FLT, be
ause the algorithmsare more 
omplex and allow the �nding of 
alorimeter 
lusters, tra
king andvertex variables whi
h open the possibility for trigger de
isions based on eventtopologies. If the event is a

epted, the 
omplete information is sent to the EventBuilder (EVB), whi
h 
reates the �nal data format ready to be used for the lastlevel. The Third Level Trigger (TLT) is a software trigger running on a 
omputerfarm. At this stage, the events 
an be fully re
onstru
ted using algorithms verysimilar to the ones existing in the o�ine 
ode. Cal
ulations of the kinemati
variables, ele
tron, muon and jet �nders are available at the TLT. The events area

epted and 
lassi�ed using di�erent �lters whi
h are designed a

ording to thephysi
s to be studied. The �nal output rate at the TLT is � 1-5 Hz. In the laststep, the sele
ted events are written to tape at the DESY 
omputer 
enter andare available for the o�ine re
onstru
tion and analysis.3For an instantaneous luminosity of 2 � 1031
m�2s�1.46
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Chapter 3Event simulation
Important parts of high energy experiments are the simulation programs. Theextra
tion of many physi
s observables relies on simulations. From the experi-mental point of view, the simulation allows to study dete
tor responses, resolutionof the physi
s variables and a

eptan
e 
orre
tions due to the geometri
al limitsof the dete
tors. Moreover, it is also used to design some details of the physi
sanalysis like the 
riteria to �lter the interesting events. Another task of the simu-lation te
hniques is related to the theoreti
al predi
tions. Due to the 
omplexityof the high energy pro
esses, some aspe
ts1 need to be treated with phenomeno-logi
al models implemented through simulation. Therefore, the 
omparison ofthe simulation with the real measurements is used to test di�erent theoreti
alapproa
hes.In this 
hapter, a brief des
ription of the simulation of the ep 
ollisionsat ZEUS is given followed by a des
ription of the di�erent Monte Carlo (MC)generators used in this analysis.3.1 Physi
 and dete
tor simulation at ZEUSIn a very simpli�ed way, we 
an say that the general stru
ture of the simulation
an be divided in two steps: event generation and dete
tor simulation.The simulation of ep pro
esses starts with the event generation performedby MC generators. The MC generators produ
e random events following thestatisti
al distributions dedu
ed from the 
ross se
tion of a given pro
ess. Theusual output 
ontains the 4-momenta of the initial and �nal parti
les produ
edas well as kinemati
 variables.In the se
ond step, the generated events are passed to the full simulationof the ZEUS dete
tor, MOZART. Here, the information about the geometry and1Large distan
es pro
ess, i.e. hadronization whi
h 
an not be 
al
ulated within pQCD.49



Chapter 3 Event simulationmaterials for the di�erent 
omponents of ZEUS is 
ontained. MOZART is basedon the GEANT [81℄ pa
kage. The output of MOZART is given to ZGANAwhi
h 
arries out the simulation of the trigger. In the last stage, the events arere
onstru
ted with the same pa
kage that is used for the real data, ZEPHYR.The di�erent steps of the simulation are in 
ontinuous development andperiodi
ally new versions are released. All the simulation 
hain is running on alarge amount of UNIX ma
hines distributed in di�erent 
ountries. Sin
e the startup of HERA II and due to the in
reasing demands of 
omputing power, the MCprodu
tion is also running on the GRID.3.2 MC used in the analysis3.2.1 DVCS simulation: GenDVCSThe signal events for Deeply Virtual Compton S
attering were generated us-ing GenDVCS [82℄. It is based on FFS model (see se
tion 1.5.2) and generatesonly elasti
 DVCS. The 4-momenta of the �nal parti
les are generated using the
ross se
tion formula (1.33). For the F2 stru
ture fun
tion, the parametrizationALLM97 [83℄ is used. The s
attered proton is generated a

ording tod�epDV CSdt / e�bjtj (3.1)For the samples of GenDVCS used in this analysis, the value of the parameter bwas set to 6 GeV�2 whi
h has been 
hosen in a

ordan
e with the value measuredby the H1 
ollaboration [2℄.GenDVCS was interfa
ed with the MC generator HERACLES [84℄ to takeinto a

ount the e�e
ts of QED radiative pro
esses. The �rst order QED 
orre
-tions to the Born level are shown in �gure 3.1: initial state radiation, �nal stateradiation and virtual loop 
orre
tions. These 
orre
tions 
an produ
e 
hanges inthe 
ross se
tion and shifts in the measured kinemati
 variables with respe
t tothe true values, hen
e the importan
e of being in
luded in the simulation.3.2.2 Bethe-Heitler simulation: GRAPE-ComptonThe Bethe-Heitler pro
esses ep ! e0
p0 for the elasti
 
ase and ep ! e0
X forthe inelasti
 
ase, were generated using GRAPE-Compton [85℄. The 
ross-se
tion
al
ulation ares based on exa
t matrix elements in the ele
troweak theory at the50



3.2 MC used in the analysis Chapter 3
a) Born b) ISR c) FSR d) vertex corr. e) self−energyFigure 3.1: Diagrams showing LO QED 
orre
tion to the Born level.tree level. Radiative 
orre
tions to the in
oming and outgoing ele
tron are alsoin
luded.The pro
esses are 
lassi�ed in three 
ategories:� elasti
: Mhad =Mp� quasi-elasti
2: jtj < tmin or Mp +M�0 < Mhad < 5 GeV� DIS: jtj > tmin and Mhad > 5GeVwhere Mhad; Mp and M�0 are the masses of the hadroni
 system, the proton andthe neutral pion, respe
tively. t is the squared momentum transfer at the protonvertex, tmin is set3 to � 1GeV2 .For the elasti
 pro
esses the 
al
ulations are done using the dipole form fa
-tor for the proton-proton photon vertex. For the inelasti
 pro
ess, the ele
tromag-neti
 proton stru
ture fun
tions are used with the parametrization of Brasse et al.[86℄ for Mhad < 2 GeV and the ALLM97 [83℄ parametrization for Mhad > 2GeV .The MC generator SOPHIA [87℄ is used to generate the hadroni
 �nal state. Inthe DIS region the program library PDFLIB [88℄ is used to obtain the parton den-sity fun
tions with jtj as the QCD s
ale and PYTHIA [89℄ for the hadronizationpro
ess.3.2.3 Dilepton simulation: GRAPE-DileptonThe dilepton-produ
tion, ep ! e0e+e�p, 
an 
ontribute to the ba
kground ofthe Bethe-Heitler pro
ess. To simulate this pro
ess the GRAPE-Dilepton [85℄2Quasi-elasti
 pro
ess will be referred as inelasti
.3The exa
t value depends on the set of PDFs used.51



Chapter 3 Event simulationgenerator was used. The 
ontributing Feynman diagrams are the 2-
 (whi
h isthe dominant in most of the phase spa
e), 
Z0, Z0Z0 pro
ess and the photon
onversion into the lepton pair. Interferen
e of the �nal states e� are taken intoa

ount for the di-e 
hannel. ISR and FSR 
an also be in
lude. For this analysis,samples of elasti
 and inelasti
 di-e produ
tion were used.3.2.4 Ve
tor Meson simulation: ZEUSVMZEUSVM [90℄ is a MC program to simulate the elasti
 produ
tion of VM (see�gure 3.2). The di�ra
tive ele
troprodu
tion of ve
tor mesons, su
h as J= ; !; �and �, were 
onsidered as potential sour
es of ba
kground. Thus, ZEUSVM wasused to simulated those pro
esses.
e e0

p p0

� �; !; �::::Figure 3.2: S
hemati
 diagram of the pro
esses generated by ZEUSVM.The program generates the event kinemati
s using the following parametriza-tion of the 
ross se
tion:�ep!e0V p0(Q2;W ) / W Æ(M2V +Q2)n ; (3.2)where Æ and n are parameters and MV is the mass of the ve
tor meson. The4-momenta of the s
attered proton are generated a

ording to the exponentialfun
tion: d�ep!e0V p0dt / e�bjtj (3.3)The values of the parameters Æ; n and b are set during the generation pro
edurefrom a �t of the resulting 
ross se
tion to the di�ra
tive VM data. The angulardistributions of the de
ay produ
ts of the ve
tor mesons in the heli
ity frame [91℄are generated uniform. After generation the distribution are reweighted followinga formula based on the s-
hannel heli
ity 
onservation hypothesis. Radiative
orre
tions are 
al
ulated with HERACLES.52



3.2 MC used in the analysis Chapter 33.2.5 Summary of the MC samplesMC Generator Pro
ess Events L(pb�1)GenDVCS elasti
 DVCS (e+p)elasti
 DVCS (e�p) 640k640k 1444:71444:7GRAPE-Compton elasti
 BH (e�p)elasti
 BH (e+p)inelasti
 BH (e�p)inelasti
 BH (e+p) 480k240k480k240k 277:7138:9380:3190:2GRAPE-Dilepton e+p! e0e+e�p0e+p! e0e+e�X 80k80k 707:92687:3ZEUSVM �(! �+��)!(! �0
)�(! K0LK0S) 600k168k192k 32:65972:5289:1Table 3.1: Summary of the main MC sample used in the analysis.
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Chapter 4ZEUS event re
onstru
tion
The events stored on tape after the trigger sele
tion des
ribed in se
tion 2.2.7 arefurther re
onstru
ted with the ZEUS re
onstru
tion pa
kage. The information ofthe individual 
omponents of the dete
tor is pro
essed and 
ombined in order toprodu
e a 
omplete event data set. This high level information, whi
h is mainlymade up of tra
ks and 
alorimeter deposits, is used to identify di�erent kinds ofparti
les, for example ele
trons and muons, as well as obje
ts like jets.The experimental signature of the ex
lusive produ
tion of a real photonin the ZEUS dete
tor is a s
attered ele
tron and a real photon. The s
atteredproton, whi
h es
apes downstream in the beam pipe, is not dete
ted. In this
hapter, the re
onstru
tion of the main quantities whi
h are used to perform thesele
tion and analysis of the this event topology is des
ribed.4.1 Calorimeter re
onstru
tionThe basi
 
alorimeter information is the energy deposited in ea
h of the 
ellswhi
h must be 
orre
ted to a

ount for di�erent experimental e�e
ts. Depositsin the 
alorimeter not 
oming from ep intera
tions are 
lassi�ed as noise. Thereis a variety of noise sour
es: signals 
oming from the natural radioa
tivity of theuranium, bad operation of the PMTs and problems with the read-out ele
troni
s.The 
ells a�e
ted by noise are reje
ted with di�erent 
riteria:� Standard noise suppression 
ut: EEMC
ell < 60 MeV, EHAC0
ell < 100 MeV andEHAC
ell < 100 MeV. If the 
ells are isolated, the threshold is 80 (140) MeVfor the EMC (HAC) se
tions.� Imbalan
e 
ut: jEleft � Erightj=E
ell > 0:7 where Eleft and Eright are thesignals 
oming from the two PMTs of the 
ell. The 
ut is only applied to
ells with energy above 1 GeV. 55



Chapter 4 ZEUS event re
onstru
tion� Noisy 
ell list1: list for di�erent time periods whi
h 
ontains 
ells identi�edas noisy after quality and monitoring 
he
ks.The 
alorimeter energy s
ale is 
orre
ted using the fa
tors summarized intable 4.1. The method to 
al
ulate these fa
tors is des
ribed in [92℄.CAL region Cell type Corre
tion fa
torRCAL EMCHAC +2:2%+2:2%BCAL EMCHAC +5:3%+9:6%FCAL EMCHAC +2:4%�5:9%Table 4.1: Energy 
orre
tion fa
tors applied to individual 
ells of the CAL.After the treatment des
ribed above, global 
alorimeter variables are 
al
u-lated. The total energy deposited in the CAL, Etot, and its proje
tions px; py; pzalong the ZEUS 
oordinate system are de�ned asEtot =Xi Ei; (4.1)px =Xi Ei sin �i 
os�i; (4.2)py =Xi Ei sin �i sin�i; (4.3)pz =Xi Ei 
os �i; (4.4)where the index i runs over all 
alorimeter 
ells. Ei, �i and �i are the energy,polar and azimuthal angles for the i� th 
ell, respe
tively. An important variableis the 
onserved quantityE � pz =Xi (E � pz)i =Xf (E � pz)f ; (4.5)where the index i and f run over the initial and �nal parti
les, respe
tively.For a ep intera
tion in whi
h all parti
les are dete
ted E � pz = 2Ee. Parti
les1Not done in the MC simulation. 56



4.2 Tra
k and vertex re
onstru
tion Chapter 4whi
h es
ape down to the forward beam pipe (mainly asso
iated with the proton-remnant) give a negligible 
ontribution to the sum sin
e for them, E � pz � 0.Photoprodu
tion and DIS events have di�erent E � pz distributions, thereforethis variable is a useful tool to dis
riminate between pro
esses.Parti
les dete
ted by the CAL will deposit their energy in several adja
ent
ells. The next step in the CAL re
onstru
tion is the 
lustering of the 
ells toform obje
ts that 
an be later identi�ed as parti
les. There are di�erent levelsof 
lustering. A geometri
al 
luster 
omposed of neighboring 
ells is referred toas island. In �gure 4.1, a s
hemati
 view of the algorithm is shown. Cells mustbe 
onne
ted around a lo
al maximum whi
h is the 
ell with the highest energyvalue. The islands are used as input to perform a 
lustering in the � � � spa
eresulting in the so-
alled 
one islands. Information 
oming from other dete
tors,su
h as tra
ks, 
an be 
ombined with these 
alorimeter obje
ts to develop moresophisti
ated algorithms.

Figure 4.1: S
hemati
 representation of the 
ell to island 
lustering.
4.2 Tra
k and vertex re
onstru
tionThe CTD and MVD are the main tra
king devi
es (see se
tions 2.2.4 and 2.2.5).Their information is used to obtain tra
ks whi
h are the re
onstru
ted traje
toriesfrom 
harged parti
les. The relevant variables of the tra
ks are the momentum,the 
harge and the energy loss. On
e the tra
ks are re
onstru
ted they are usedfor the vertex �nding. 57



Chapter 4 ZEUS event re
onstru
tionThe basi
 steps2 to obtain a tra
k are the pattern re
ognition and the tra
k�t. In the pattern re
ognition, measured hits are assigned to a tra
k 
andidates.During the �t phase, the hits belonging to a tra
k 
andidates are �tted to obtainthe traje
tory of the tra
k. The tra
ks are �tted using a helix parametrization.Three modes are available for the re
onstru
tion:CTD-only : only CTD information is used. The sear
h of the tra
k 
an-didates starts with a group of hits (segments), from the outermostsuperlayer to the inner ones. After this the �t is performed.Regular : joint information from CTD and MVD is used. MVD hits are
ombined in segments and 
ompared to CTD segments, if they are
ompatible, a tra
k 
andidate is formed. MVD segments whi
h arenot 
ompatible are also kept as MVD stand alone tra
ks.ZTT : this mode uses the CTD+MVD tra
ks as input for a re-�tting pro-
edure based on Kalmam �lter te
hniques [75℄.The regular mode has been 
hosen for this analysis. Using MC simulations,the resolutions of the tra
k re
onstru
tion for the CTD-only and regular modehave been studied [75℄. In �gure 4.2 the resolution as a fun
tion of the transversemomentum of the tra
k, ptra
kT , is shown. A 
onsiderable improvement using theMVD information is seen for high ptra
kT tra
ks.Re
onstru
ted tra
ks are used to �nd the vertex of the intera
tion. Tra
ksthat are 
ompatible with the beam-line are �tted until a vertex position is found.The tra
ks are re�tted to the found vertex and are denoted vertex �tted tra
ks.Se
ondary verti
es are also found using the tra
ks that have not been �tted tothe primary vertex.The extra
tion of angular and kinemati
 variables depends on the vertexposition. Hen
e it is important to have an a

urate measurement of the vertextogether with a good des
ription of the vertex distribution by the MC simulation.The real vertex distribution has been measured using a minimum bias sample [94℄and the MC samples have been reweighted to mat
h the measured distribution.Figure 4.3 shows a 
omparison of the zvtx position between data and MC.The data (dots) 
orresponds to e�p e-sample sele
tion (see se
tion 5.1). TheMC histogram is normalized to the number of events in the data sample. Theshoulder lo
ated around � +70 
m 
orresponds to intera
tions produ
ed in thesatellite bun
hes. A good des
ription of the vertex distribution is observed.2The tra
k re
onstru
tion is performed by the VCTRACK [93℄ pa
kage.58



4.3 Parti
le identi�
ation and re
onstru
tion Chapter 4
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Figure 4.2: Resolution of the tra
k re
onstru
tion as a fun
tion of ptra
kT . Plot takenfrom [75℄.
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Figure 4.3: Distribution of the Z 
omponent of the vertex for data and MC.4.3 Parti
le identi�
ation and re
onstru
tionAt the beginning of the 
hapter it has been mentioned that the basi
 event topol-ogy 
orresponds to a s
attered ele
tron and a real photon. The sele
tion of thiskind of events needs to distinguish the deposits belonging to ele
trons and pho-59



Chapter 4 ZEUS event re
onstru
tiontons from the ones 
oming from other parti
les. For this purpose the ele
tron�nder SINISTRA [95℄ has been used.SINISTRA is a neural network whi
h analyzes the islands in the whole
alorimeter and returns a number whi
h is interpreted as the probability of ea
h
luster to be an ele
tron. Ele
trons and photons mainly leave all their energyin the ele
tromagneti
 part of the 
alorimeter, however there are other parti
les,su
h as pions, that leave the same signal in the CAL. The key for the distin
tionbetween ele
trons and pions is the study of their shower pro�les, whi
h are di-�erent. Photon shower pro�les are very similar to ele
tron ones, so SINISTRA
an be used to identify photons as well.

Figure 4.4: Probability distribution for a given 
luster to be an ele
tromagneti
 
lusterusing the SINISTRA ele
tron �nder [95℄.The neural network was trained with a MC sample of 4000 events and afterthat a pattern for the probability was produ
ed. The results showed that ele
tronsshould have a probability 
lose to one whereas the hadroni
 
lusters will haveprobability 
lose to 0 (see �gure 4.4). The 
andidates found by the ele
tron �nderare ordered in des
ending probability and, sin
e for this analysis the identi�
ationof photons is also needed, no tra
k information has to be required. Studies onthe performan
e of SINISTRA [96℄ have shown that the eÆ
ien
ies for �ndingthe s
attered ele
tron are above 95%.A 
omplete set of variables is 
al
ulated for ea
h of the 
andidates. These60



4.3 Parti
le identi�
ation and re
onstru
tion Chapter 4have asso
iated basi
 quantities as their energy, position and tra
king related vari-ables and also more spe
i�
 quantities like the number of 
ell asso
iated or showershape variables. Although SINISTRA uses only CAL information to identifythe parti
les, the tra
k information is 
ombined with the 
andidates afterwards.Brie
y, a mat
h between the tra
ks available in the events and the 
andidates isperformed. Tra
ks are extrapolated to the surfa
e of the CAL and asso
iated tothe 
andidate when the distan
e of 
losest approa
h3 (DCA) is less than 20 
m.4.3.1 Position and energy re
onstru
tionThe energy of the 
andidates provided by the ele
tron �nder is obtained by sum-ming all the energies deposited on the 
ells that have been tagged as belongingto the 
andidates. These energies are used later for the event sele
tion and also,to re
onstru
t the event kinemati
s (see se
tion 4.4). Cru
ial 
uts for the sele
-tion of events depend dire
tly on them (i.e. E � pz, E 0e or E
). Thus, it is veryimportant to have agreement between data and MC simulations.The measurement of the energy is a�e
ted by di�erent fa
tors that produ
emismat
hes between data and MC simulation. These e�e
ts are mainly due to anina

urate des
ription of the dead material in the dete
tor. Other e�e
ts, su
has an energy s
ale mismat
h or di�erent energy resolution in data and MC arealso present. Therefore, the measurements should be 
orre
ted for these e�e
ts.In �gure 4.5 (left), the distribution of E � pz, whi
h have been 
al
ulatedas E � pz = (E � pz)s
attered e + (E � pz)
; (4.6)is shown. As one 
an observed the peak positions are shifted from the nominalvalue (E�pz � 55GeV ). This deviation is due to the energy loss by the parti
lesin their intera
tions with the dead material in the dete
tor.During the HERA II running period, the amount of dead material (see �gure4.6) has 
onsiderably in
reased due to the installation of new 
omponents, mainlythe MVD. The MC simulation of this material is limited due to its 
omplexity.There are di�erent methods to obtain the 
orre
tions needed for the energymeasurements. The method used in this analysis is based on kinemati
 peakevents and the 
orre
tions are 
al
ulated by 
omparing double-angle quantities3The distan
e of 
losest approa
h is de�ned as the shortest distan
e between the extrapolatedtra
k and the 
luster. 61



Chapter 4 ZEUS event re
onstru
tion
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Figure 4.5: Un
orre
ted and 
orre
ted E � pz distribution for e+p data and MC fore-sample 
andidates (see se
tion 5.1). MC histograms are normalized to the data.

Figure 4.6: Map of the MC dead material distribution as a fun
tion of � for theRCAL region. An in
rease is observed for post-upgrade simulation (red histogram) in
omparison with pre-upgrade (blue histogram) due mainly to the MVD. Plot takenfrom [97℄.with the measured ones [98℄. The 
orre
tions fa
tors obtained are�3:5%;�3%;�2:5%;�2%; if ri � 21 
mif 21 
m < ri � 25 
mif 25 
m < ri � 29 
mif 29 
m < ri;where the radius ri(=pX2i + Y 2i ) is 
al
ulated from the position of the parti
les.The fa
tors have been applied to s
ale down the energy of all the MC samples62



4.3 Parti
le identi�
ation and re
onstru
tion Chapter 4used in the analysis. The e�e
t of the 
orre
tions 
an be seen in the right plot of�gure 4.5. MC energies have been also smeared by 3% to a

ount for the di�erentenergy resolutions in data and MC.The energy 
orre
tions 
an be also 
al
ulated with the help of the SRTDand Presampler dete
tors. They provide a measurement of the preshowering andthus of the energy loss by the parti
les while traversing the material. Results andfurther details in the pro
edure 
an be found in [99℄. A 
omparison of the di�erentmethods presented is shown in �gure 4.7. The best des
ription is a
hieved withthe radial dependen
e 
orre
tion, for SRTD and Presampler methods small shiftsin the peak position are still visible. Note that during the development of the
orre
tions and also of this analysis the dead material des
ription in MC has been
hanging for tuning.
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Figure 4.7: Comparison between di�erent energy 
orre
tions for HERA II data.Energy 
alibrationIn order to 
he
k the energy 
alibration, a 
omparison of the 
orre
ted energy ofele
trons measured in the CAL and the momentum of the parti
le measured inthe CTD was performed.Figure 4.8 shows the 
omparison of the quantity Ee=pe;tra
k � 1, with Eebeing the CAL ele
tron energy and pe;tra
k the momentum measured from theCTD tra
k. Three di�erent regions of the ele
tron polar angle, �e, are 
onsidered:2 BCAL areas, 40Æ < �e � 75Æ and 75Æ < �e � 130Æ and RCAL region (130Æ < �e).It 
an been seen that the energy measured in the CAL agrees with pe;tra
k to within63



Chapter 4 ZEUS event re
onstru
tion3%. The 
omparison between data and MC shows an agreement to within 1-2%.This un
ertainty is used for systemati
 
he
ks.
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Figure 4.8: Comparison between the 
orre
ted ele
tron energy measured in the CAL(Ee) with the 
orresponding momentum (pe;tra
k) measured in the CTD for e�p DATAand MC. Figures (a), (b) and (
) show the 
omparison for 40Æ < �e � 75Æ, 75Æ < �e �130Æ and 130Æ < �e, respe
tively. In (d), the di�eren
es between the mean values fromMC and DATA are plotted.As for the 
ase of the energy, the position of the 
andidates is 
al
ulatedusing the position of the 
ells belonging to the 
andidates. The X; Y and Z posi-tions are 
al
ulated as a weighted average of the 
ell 
enters where the weights areproportional to the logarithm of the energy deposited in that 
ell. For 
andidatesfound in RCAL or FCAL the z position is �xed and for the ones found in theBCAL the radius r = pX2 + Y 2 is �xed. When the 
andidates are found in thea

eptan
e of the SRTD or HES dete
tor, their position measurements are usedto improve the CAL position. 64



4.4 Re
onstru
tion of kinemati
 variables Chapter 44.4 Re
onstru
tion of kinemati
 variablesRe
onstru
ted angles and energies are then used to 
al
ulate the 4-momenta 4:k = 0BB� Ee00�Ee 1CCA p = 0BB� Ep00Ep 1CCA k0 = 0BB� E 0eE 0e sin �e 
os�eE 0e sin �e sin�eE 0e 
os �e 1CCA g0 = 0BB� E 0
E 0
 sin �
 
os �
E 0
 sin �
 sin�
E 0
 
os �
 1CCA ;where k and k0 are the 4-momenta of the initial and s
attered ele
tron and pand g0 are the 4-momenta of the initial proton and the �nal state photon. E 0e; �eand �e are the energy, polar and azimuthal angle of the s
attered ele
tron whilethe same notation using the subs
ript 
 refers to the variables for the �nal statephoton. The 4-momentum of the s
attered proton has been omitted sin
e it isnot measured.The kinemati
 variables (see equations 1.1-5) are 
al
ulated using the 4-momenta of �nal and initial state parti
les. Due to the almost 4� solid angle
overage of ZEUS, there are four independent measurements: the energies andthe polar angles from the s
attered ele
tron and the �nal photon. This allowsthe determination of the kinemati
 variables Q2, x and y with di�erent methods.Ele
tron methodThe ele
tron method uses only the information based on the s
attered ele
-tron. It is the simplest method sin
e only the s
attered ele
tron energy, E 0e, andits polar angle, �e, are required. The expressions for the kinemati
 variables aregiven by: Q2el = 2EeE 0e(1 + 
os �e); (4.7)yel = 1� E 0e2Ee (1� 
os �e); (4.8)xel = EeEp E 0e(1 + 
os �e)2Ee � E 0e(1� 
os �e) : (4.9)
Double-angle methodThe double-angle method (DA-method) [100℄ uses not only the ele
tronobservables but also information 
oming from the hadroni
 �nal state. For the44-momenta are given in the ZEUS 
oordinate system (see �gure 2.5) and negle
ting themass of the initial parti
les. 65



Chapter 4 ZEUS event re
onstru
tionDVCS pro
ess the hadroni
 �nal state 
orresponds to the real photon. The for-mulae for this method areQ2DA = 4E2e sin �
(1 + 
os �e)sin �e + sin �
 � sin(�e + �
) ; (4.10)yDA = sin �e(1� 
os �
)sin �e + sin �
 � sin(�e + �
) ; (4.11)xDA = EeEp sin �e + sin �
 + sin(�e + �
)sin �e + sin �
 � sin(�e + �
) : (4.12)
Ja
quet-Blondel methodThis method [101℄, whi
h will be abbreviated as JB-method, relies only onthe information from the hadroni
 �nal state and assumes that all the hadronswhi
h es
ape undete
ted through the beam pipe 
arry very little transverse mo-mentum. In our 
ase, again, the hadroni
 �nal state 
orresponds to the realphoton. The kinemati
 variables read asQ2JB = 2Ee(E
 sin �
)22Ee � E 0
(1� 
os �
) ; (4.13)yDA = E
(1� 
os �
)2Ee ; (4.14)xJB = Q2JBsyJB : (4.15)The 
hoi
e between these methods depends on the parti
ular 
hara
teristi
sof the analysis. Depending on the kinemati
 region used, one method 
an be morepre
ise than the others. Also the fa
t that the ele
tron and JB methods use themeasured energies makes them strongly dependent on the 
orre
tions applied.On the other hand the DA-method is not a�e
ted sin
e it uses only angularobservables.Figure 4.9 shows a 
omparison between the re
onstru
ted variables Q2, xand W 
al
ulated with the DA-method (�rst 
olumn), ele
tron method (se
ond
olumn) and JB-method (third 
olumn) and the true variables from non-radiativeevents of the DVCS MC simulation. W is re
onstru
ted for ea
h of the methodsas W =p4ys�Q2.The ele
tron and DA-method have a good resolution for Q2 in 
omparisonwith the JB-method, in whi
h for low values of Q2, the measured variables are66



4.4 Re
onstru
tion of kinemati
 variables Chapter 4widely spread around the true ones. The ele
tron method gives a very poorresolution for W and x, also the same situation is observed for the x 
al
ulatedwith the JB-method.The DA-method has been used in this analysis sin
e overall, it gives thebest resolution and is independent of the energy 
orre
tions.
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Figure 4.9: Comparison between the true and re
onstru
ted kinemati
 variables forthe DA, ele
tron and JB methods.
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Chapter 5Samples de�nition and sele
tion
This 
hapter will explain the analysis strategy followed to obtain a sample ofDVCS and Bethe-Heitler events. The sele
tion pro
edure, going from the triggerlevel to the more sophisti
ated set of 
uts applied, is reviewed in detail.5.1 Analysis strategy: e-sample and 
-sampleThe te
hnique for measuring the DVCS is to �rst sele
t a sample of events whi
hare 
hara
terized by the DVCS topology, sin
e BH events have the same �nalstate, the sample will 
ontain a mixture of DVCS + BH. Assuming that theinterferen
e between the two pro
esses is suppressed (see se
tion 1.5), in a se
ondstep, the BH 
ontribution is subtra
ted from the sample using the MC predi
tionsleading to a "pure" DVCS sample.

p



p0

�e e0

Figure 5.1: S
hemati
 diagram for the DVCS pro
ess.Looking again at a generi
 DVCS diagram (see �gure 5.1), the main 
har-a
teristi
s of the events are:- 2 ele
tromagneti
 
lusters, 
orresponding to the �nal parti
les ele
tron andphoton1. In the language of the previous 
hapter, this means two 
andidates1The s
attered proton es
apes undete
ted.69



Chapter 5 Samples de�nition and sele
tionidenti�ed by the SINISTRA ele
tron �nder. The 
luster with higher � w.r.t.the proton beam will be referred to as 
andidate 1 and the other as 
andidate2.- At most 1 tra
k in the event whi
h has to mat
h with one of the ele
tro-magneti
 
lusters.- No other a
tivity in the dete
tor, sin
e we are interested in elasti
 events.The ratio DVCS over BH is expe
ted to in
rease as the photon is s
atteredat small � angles. Hen
e, events are further 
lassi�ed in two di�erent samples:� 
-sampleThis is the signal sample. Events belong to this sample when the mostforward ele
tromagneti
 
luster does not have a tra
k asso
iated with itand hen
e it is identi�ed as the photon. Candidate 1 is assumed to be thes
attered ele
tron. This topology is dominated by events without tra
kssin
e the ele
tron is s
attered at higher � angles where it is outside thea

eptan
e of the CTD.� e-sampleHere events have a tra
k mat
hed with 
andidate 2, the ele
tron in this
ase, while 
andidate 1 is the photon. BH events dominate this sample.The DVCS 
ontribution is highly suppressed sin
e this topology would 
or-respond to very high values of Q2. The e-sample is used as a 
ontrol samplefor the 
-sample to test the performan
e of the simulation and to 
ross-
he
kthe BH normalization. The elasti
 
ross se
tion of Bethe-Heitler events isalso obtained from this sample.Figure 5.2 shows an example of a 
-sample event (top) and a e-sample event(bottom) using the ZEUS event display.These are the bases of the analysis. However, this view is very simpli�edin the sense that both samples 
ontain not only DVCS + BH or BH only asother pro
esses 
an also deliver the same topology. Studies of the ba
kgroundsare shown in next 
hapters. 70



5.2 Event sele
tion Chapter 5

XY ViewZR View

XY ViewZR View


-sample topology

e-sample topology

2 � 
 1 � e0

2 � e0 1 � 

Figure 5.2: Topology of events in the 
-sample (top) and in the e-sample (bottom).When the 
andidate 2 is mat
hed with a tra
k, it is de�ned as an ele
tron and 
lassi�edin the e-sample .5.2 Event sele
tion5.2.1 Hera II data setThe data sample used in the analysis was taken between 2003 and 2005. Duringthis period HERA delivered both e+p and e�p 
ollisions.71



Chapter 5 Samples de�nition and sele
tionNot all the data taken 
an be used for analysis purposes. Runs have to passa series of quality 
riteria su
h that the main 
omponents, like CTD and CAL,were fully fun
tioning. This is done in order to guarantee a good data quality.The data samples analyzed 
orrespond to an integrated luminosity of 135.6 pb�1for e�p data and 40.7 pb�1 for e+p data. The samples are summarized in table5.1. Year Collisions Integrated luminosity(pb�1) Systemati
 error(%)2003 e+p 2.1 5.12004 e+p 38.7 4.52004-05 e�p 135.6 2.7Table 5.1: Integrated luminosity for the di�erent years 
onsidered in this analysis.
5.2.2 Trigger sele
tion and eÆ
ien
yDi�erent logi
s,"slots", are implemented at the 3 levels of the ZEUS trigger (seese
tion 2.2.7). A proper 
ombination of logi
 allows the sele
tion of the desiredevents. DVCS events were sele
ted by requiring that the so-
alled SPP08 orDIS 11 slots �red. The only di�eren
e between the two slots resides at the �rstlevel. SPP08 is based on the multiele
tron slot, FLT62. DIS11 also employs themultiele
tron slot but makes use of the whole in
lusive 
hain of FLT slots.Firts Level Trigger sele
tionFLT62 slot triggers on two or more isolated ele
tromagneti
 
lusters. De-pending on the region in whi
h the 
lusters are lo
ated, they are required to beabove a 
ertain energy threshold. Clusters lo
ated in the RCAL or BCAL are re-quired to have E > 2 GeV. For the FCAL region, the threshold varies dependingin whi
h ring 2 the 
luster is lo
ated: for the �rst ring it is set to in�nity and forthe se
ond, third and outside third ring, the threshold is set to 20 GeV, 10 GeVand 5 GeV, respe
tively.Se
ond Level Trigger sele
tionAt the SLT level, the 
onditions required for the events are:- EREMC > 2:5 GeV or EBEMC > 2:5 GeV or EFEMC > 10 GeV or EFHAC >10 GeV.2First towers of the CAL around the beam hole de�ne the �rst ring.72



5.2 Event sele
tion Chapter 5- Energy in the �rst ring of the FCAL, Ef
albp, smaller than 20 GeV.- E � pz > 30 GeV.- SLT ele
tron energy > 5 GeV.- O�-momentum ele
trons3 reje
tion: Events are reje
ted when the SLT ele
-tron is lo
ated in the angular region of 172Æ < � < 174Æ and j�j < 10Æ andECALTotal � ESLTe < 1:5 GeV.Third Level Trigger sele
tionThe trigger logi
 at the TLT is given by the following 
onditions:- Number of hadroni
 islands is equal to 0.- Two ele
tromagneti
 islands, one with E > 4 GeV and the other with E >2 GeV.- Ef
albp < 50 GeV.- Di�eren
e of azimuthal angles between the two islands greater than �=2.In addition to the 
riteria explained above, at ea
h trigger level general
onditions are applied to redu
e ba
kground. At the FLT level, events are reje
tedby signals 
oming from the C5, VetoWall, SRTD or CTD (see se
tion 2.2). TheSLT uses timing information 
oming from the CAL to veto beam-gas ba
kgroundevents. At the TLT level, it is possible to re
ognize and reje
t 
osmi
 and beam-halo muons.Trigger eÆ
ien
yTrigger de
isions are also simulated for MC events. In the analysis, data and MCevents are passed through the same 
hain of slots and therefore, the simulationshould reprodu
e the behavior of the data. To 
he
k this assumption, the triggereÆ
ien
y of the main FLT bit for the analysis, FLT62, has been studied.The de�nition of FLT62, two or more ele
tromagneti
 
luster with energythreshold starting at 2 GeV, makes the eÆ
ien
y strongly dependent on the lowerenergy 
luster. In the typi
al DVCS topology, the DIS ele
tron will trigger as3Ele
tron beam parti
les whi
h lose part of their momenta due to 
ollision with residual gasmole
ules from the beam pipe walls. 73



Chapter 5 Samples de�nition and sele
tionone of the ele
tromagneti
 
andidates and the �nal photon as the se
ond. Thetypi
al energy for the DIS ele
tron is above 15 GeV and the photon, with lowerenergy, 
ould be a�e
ted by threshold e�e
ts.To study the trigger eÆ
ien
y, the idea is to sele
t a sample using inde-pendent triggers. An in
lusive4 trigger 
hain relying on the sele
tion of the DISele
tron in the RCAL was 
hosen. This sele
tion gives an unbiased sample to testtrigger eÆ
ien
ies for the lower energy 
andidate. The sample used to study theeÆ
ien
ies 
orrespond to the e-sample topology with the following 
uts:� 2 ele
tron 
andidates, one (1) lo
ated in the RCAL and the other (2) eitherin BCAL or RCAL.� E1 > 15 GeV and ele
tron identi�
ation probability P1 > 0:6.� Nvtxtrk = 1. The tra
k has to be mat
hed with the 
andidate 2.� 40 GeV < E� pz < 70 GeV.� jzvtxj < 50 
m.Using this sample, the eÆ
ien
y has been 
al
ulated as a fun
tion of theenergy of 
andidate 2, E2. The de�nition of the eÆ
ien
y is given byeÆ
ien
y = Nsample & FLT62Nsample ; (5.1)where Nsample is the number of events in the basi
 sample and Nsample & FLT62 isthe number of events in the basi
 sample and �red by the FLT62.The eÆ
ien
y has been 
al
ulated for data and MC. Figure 5.3 shows theFLT62 trigger eÆ
ien
y for both data sets, e+p and e�p . Also two di�erent 
aseshave been 
onsidered: when the 
andidate 2 is found in the RCAL and when itis found in the BCAL region. For 
lusters with low energy (E2 � 2 � 3 GeV),the eÆ
ien
y is around 0.5, in
reasing to almost 1 for energies above 5 GeV.There are no signi�
ant di�eren
es between 
andidates in the RCAL or BCALand similar behavior is observed for the e+p and e�p sample.The MC eÆ
ien
ies 
al
ulated with GRAPE are shown in �gure 5.4. Theyexhibit the same behavior as the data, with the same rapid in
rease of the eÆ-
ien
y for higher values of E2. MC eÆ
ien
ies have higher values in the BCAL4TLT SPP02 and FLT30. 74
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Figure 5.3: Trigger eÆ
ien
y of the FLT62 slot as a fun
tion of E2 for e+p (top)and e�p (bottom) data. EÆ
ien
ies are shown depending on the position of the se
ond
andidate, RCAL (BCAL) in the left (right) plots.region than in the RCAL. No di�eren
es are observed where 
omparing bothe+p and e�p data.Two strategies 
an be followed from this: one 
an try to mat
h the behaviorof data and MC eÆ
ien
ies for E2 < 5 GeV 
al
ulating a 
orre
tion fa
tor or one
an go to the region with eÆ
ien
ies � 1 whi
h means E2 > 5 GeV. A bigdisadvantage for the latter is the redu
tion of the number of events due to theharsh requirement on the energy. However, as one of the goals of this analysis isto explore the region in whi
h asymmetry measurements 
ould be performed andsin
e 
orre
tions for trigger eÆ
ien
ies 
an deliver false asymmetries, the se
ondoption was 
hosen.5.2.3 Analysis 
utsIn this se
tion, the 
uts applied to obtain the �nal sample will be explained. To-gether with the trigger sele
tion, additional requirements are needed to eliminateremaining ba
kground as well as to avoid regions in whi
h the MC simulation75



Chapter 5 Samples de�nition and sele
tiondoes not des
ribe the data.The quantities labeled with the subs
ripts 1 and 2 refer to the 
andidates 1and 2 as de�ned in the se
tion 5.1. The observables asso
iated with the 
andidates
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Figure 5.4: Trigger eÆ
ien
y of the FLT62 slot as a fun
tion of E2 for e+p (top) ande�p (bottom) GRAPE MC. EÆ
ien
ies are shown depending on the position of these
ond 
andidate, RCAL (BCAL) in the left (right) plots.are the ones given by SINISTRA, as explained in se
tion 4.3. The following 
utswere applied to de�ne the �nal sample:� Number of ele
tron 
andidates greater than 1.After applying the 
omplete set of 
uts, no event was found with more than2 
andidates. Moreover with a loose sele
tion5, events with 3 
andidateswere found but doing the analysis assuming di�erent 
ombinations betweenthem, no event was found surviving the 
omplete set of 
uts.� E1 > 15 GeV and E2 > 5 GeV.� Ele
tron identi�
ation probability: P1 > 0:6 and P2 > 0:6.5Only trigger sele
tion, E � pz and energy and probability 
ut apply to the 
andidate 1.76



5.2 Event sele
tion Chapter 5� Candidate 2 inside the CTD a

eptan
e.In this region there is a high eÆ
ien
y for the re
onstru
tion of the tra
ksand sin
e the separation between ele
trons and photons is done using tra
ks,this is also the region whi
h allows a 
lear identi�
ation. The angularlimits for the region are de�ned a

ording to the minimun number of hitsuperlayers needed to have well re
onstru
ted tra
ks, whi
h is equal to 3[93℄.� Number of vertex �tted tra
ks less than 2.If there is one tra
k, it has to be mat
hed (see se
tion 4.3) with one of thetwo 
andidates and have a momentum ptrk > 0:5 GeV.� jzvtx < 100 
mj.This 
ut reje
ts events in whi
h zvtx is outside the 
entral region of thedete
tor (CTD region) where the vertex re
onstru
tion is not well-de�ned.� 40 GeV < E� pz < 70 GeV.The lower limit reje
ts ba
kground 
oming from photoprodu
tion eventswhere the ele
tron es
apes trough the rear beam pipe and hen
e, redu
esthe values of E � pz. The upper limit is used to redu
e overlay events inwhi
h DIS events and beam gas or 
osmi
 events o

ur at the same time.In se
tion 6.4, a detailed study of this ba
kground is presented.� EFCAL < 1 GeV.Energy deposited in the FCAL part of the dete
tor is required to be verysmall. This reje
ts possible inelasti
 and proton disso
iation events whi
htypi
ally deposit a 
onsiderable amount of energy around the FCAL beampipe.� EBHAC < 1 GeV.The 
ut is applied to reje
t hadroni
 ba
kground whi
h leave a large fra
tionof energy in the hadroni
 part of the BCAL.� Elasti
ity 
ut.This 
ut removes events with energy deposits in the CAL whi
h do notbelong to the two 
andidates. It aims to ensure a sample of elasti
 eventsredu
ing proton disso
iation ba
kground. In addition higher variations inthe 
alorimeter noise will be redu
ed as well. The 
ut is applied in thefollowing way: events are reje
ted if individual 
ells, whi
h do not belongto the 
andidates, have a energy above these values :77
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Figure 5.5: Energy deposited in individual 
ells whi
h do not belong to the 
andidatesin e+p and random trigger events. Di�erent se
tions of the 
alorimeter are shown.- RCAL region : 150 MeV for EMC 
ells and 300 MeV for HAC 
ells.- BCAL region : 180 MeV for EMC 
ells and 350 MeV for HAC 
ells.- FCAL region : 280 MeV for EMC 
ells and 300 MeV for HAC 
ells.The threshold values were obtained by 
omparing the E
ell from the e+p datasample with random trigger events (see Fig. 5.5).� Box-
ut and CAL-
ra
k 
uts.These 
uts reje
t events whi
h are situated in problemati
 areas of the78
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tion Chapter 5dete
tor whi
h are known to be not well simulated. The box-
ut 
ut reje
tsevents in whi
h the impa
t positions of the 
andidates on the RCAL surfa
eare inside an area of 14 � 18 
m2 in x and y. The CAL-
ra
k 
ut reje
tsevents whi
h are lo
ated in the 
ra
k region between the two halves of theRCAL, jx� 10j < 2:5 
m and jx + 10j < 2:5 
m.

79



Chapter 5 Samples de�nition and sele
tion

80



Chapter 6Deeply Virtual ComptonS
attering data analysis
This 
hapter des
ribes di�erent studies performed in order to understand thesample of DVCS 
andidates. The dis
ussion about ba
kground 
ontributionsa�e
ting the e-sample and 
-sample are presented here. The 
omparison be-tween the data and MC simulation are shown together with di�erent studies tounderstand remaning problems in the analysis. Finally, a study of the non-epba
kground is summarized.6.1 De�nition of the kinemati
 regionFor both the e-sample and the 
-sample samples, the kinemati
 variables are
al
ulated assuming that the 
andidate 1 is the s
attered ele
tron. The 
utswhi
h de�ned the kinemati
 region of interest for DVCS are:� 40 GeV <W < 140 GeV� 5 GeV2 < Q2 < 100 GeV2� jtj < 1 GeV2The number of events sele
ted by the 
uts explained in the previous 
hapterand belonging to the kinemati
 region de�ned above are summarized in table 6.1.
6.2 e-sample studies6.2.1 Physi
s ba
kgroundsPro
esses whi
h 
ould deliver the same topology of the e-sample were 
onsideredas potential sour
es of ba
kground. The ba
kground pro
esses are studied based81



Chapter 6 Deeply Virtual Compton S
attering data analysisSample e+p e�p
-sample 140 481e-sample 248 907Table 6.1: Number of events sele
ted for the di�erent samples and periods.on the MC samples des
ribe in 
hapter 3.� Dilepton produ
tion.Dilepton produ
tion, ep ! e0e+e�p and ep ! e0e+e�X, delivers the sametopology as the e-sample if only two leptons from the �nal state are dete
ted.In addition, one of them has to be s
attered at large � angles where itsasso
iated tra
k is not measured and therefore it fakes the photon in the e-sample. Samples of elasti
 and inelasti
 
ontribution were 
onsidered. Theabsolute value of the 
ross se
tion given by the MC program was used tonormalize the sample. The 
ontribution for the dilepton ba
kground to thee-sample was estimated as 3.5% (4.7%) for the e�p (e+p ) data set.� Di�ra
tive � produ
tion: ep! e0�p0, �! �+��.The event topology of the e-sample is also faked by di�ra
tive � produ
tion.It was found that no events survive the analysis 
uts.� Di�ra
tive J= produ
tion: ep! e0J= p0, J= ! e+e�.This pro
ess 
an 
ontribute to the e-sample under the same 
onditions asexplained for the dilepton ba
kground, mainly the loss of one of the �nalstate leptons. In previous studies [104℄, this 
ontribution was estimated� 1% of the total e-sample and is therefore negle
ted here.Proton-disso
iative ba
kgroundAlthough the analysis 
uts are used to ensure the sele
tion of elasti
 events, asizeable fra
tion of inelasti
1 events is still present in the sample. This ba
kgroundrefers to the pro
ess in whi
h the proton disso
iates to a low-mass hadroni
system. When the low-mass system es
apes undete
ted into the forward beampipe, the topology of the event is identi
al to the elasti
 one. The study of thisba
kground is done by means of the GRAPE MC (see se
tion 3.2.2) whi
h 
angenerate elasti
 and inelasti
 
ontributions.1Proton-disso
iative ba
kground is referred to as inelasti
.82
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(a) (b) (c)Figure 6.1: Coplanarity distributions of the e-sample for data (a), elasti
 (b) andinelasti
 (
) GRAPE MC.The fra
tion of inelasti
 events given by the MC was adjusted using the
oplanarity method. In a pure elasti
 sample, the two-�nal state parti
les shouldbalan
e in transverse momentum resulting in a ba
k-to-ba
k 
on�guration in thetransverse plane. In other words, the di�eren
e between the azimuthal angles ofthe parti
les, the 
oplanarity, should peak at 180 degrees. Figure 6.1 shows thedistributions of the 
oplanarity for the e�p data (a) and for elasti
 (b) and inelas-ti
 (
) GRAPE MC samples. The inelasti
 
omponent has a broader distributionthan the elasti
. For the adjustment, both 
ontributions were mixed and �tted tothe data by minimizing the �2 distribution. The fra
tions obtained by the �ttingpro
edure and the MC predi
tions are listed in table 6.2.Inelasti
 
ontribution (%)MC predi
tion �ttede+p 29 26:6� 15:6e�p 22.5 38:7� 13:3Table 6.2: MC predi
tion for the inelasti
 
ontribution in 
omparison with the fra
tionobtained by �tting the 
oplanarity distribution.The 
oplanarity distributions for e�p data and MC, before and after theadjustment, are shown in �gure 6.2.The values obtained here were used to readjust the mixture of elasti
 andinelasti
 GRAPE but keeping the absolute normalization.83
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Figure 6.2: Distribution of the 
oplanarity for e�p data 
ompared with MC beforeand after the adjustment of the inelasti
 
ontribution (see text).6.2.2 Data and MC 
omparisonThe 
omparison between the data and MC distributions of a sele
ted group ofvariables are shown in �gure 6.3 for e�p and in �gure 6.4 for e+p . In ea
h ofthe plots, the dots represent the data distributions and the di�erent histogramsshow the MC predi
tions for the 
ontributing pro
esses to the e-sample . TheGRAPE 
ontribution 
ontains both, elasti
 and inelasti
 parts adjusted as previ-ously explained. The dilepton 
ontribution also 
orresponds to the sum of elasti
and inelasti
 parts. MC histograms are normalized to the luminosity of the data.These MC predi
tions are added together and the result is shown by the topmostline. The distributions present a 
lear disagreement on the normalization, whereMC predi
tions are higher than data. This problem is further dis
ussed in thenext se
tion. No signi�
ant di�eren
es are observed in the behavior of the e+p ande�p samples. As mention in se
tion 6.1, the kinemati
 variables are 
al
ulatedassuming that the 
andidate 1 is the s
attered ele
tron. In 
ase of the e-sampletopology, these variables does not 
orrespond to the "true" kinemati
s and there-fore are labeled as Q2
 and W
 .6.2.3 Normalization of the BH 
ontributionThe normalization of the BH 
ontribution is a 
ru
ial point, sin
e the extra
tionfrom the 
-sample of a pure DVCS sample dire
tly depends on the amount of BHwhi
h is subtra
ted. 84
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Figure 6.3: e-sample 
ontrol plots for e�p : data distributions of the energy of the 
(a), the energy of the ele
tron (b), the polar angle of the ele
tron (
), the 
oplanarity(d), the absolute value of t (e), Q2
 (f) andW
 (g) 
ompared to the MC samples. Q2
 andW
 refer to the kinemati
 variables 
onsidering the photon as the s
attered ele
tron.MC histograms are normalized to the luminosity of the data.
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Figure 6.4: e-sample 
ontrol plots for e+p : data distributions of the energy of the 
(a), the energy of the ele
tron (b), the polar angle of the ele
tron (
), the 
oplanarity(d), the absolute value of t (e), Q2
 (f) andW
 (g) 
ompared to the MC samples. Q2
 andW
 refer to the kinemati
 variables 
onsidering the photon as the s
attered ele
tron.MC histograms are normalized to the luminosity of the data.
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6.2 e-sample studies Chapter 6The absolute normalization of the BH 
ontribution is not des
ribed for thee-sample, as shown in the previous 
ontrol plots. After the subtra
tion of thedilepton 
ontribution from the data, the GRAPE MC predi
tions are � 15% �20% higher than the data.Attempts to explain this problem lead to two of the sele
tion 
riteria: thenumber of tra
ks �tted to the vertex and the elasti
ity 
ut. If these 
uts areremoved, the problem with the normalization disappears as seen in �gure 6.5.This may be a hint of an in
omplete MC simulation, i.e., more dead material in
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Figure 6.5: e+p data distributions of Eele (a), Q2
 (b) and W
 (
) 
ompared with MCfor the e-sample without applied the requirement Nvtxtrk > 2 and the elasti
ity 
ut.The normalization problem seen before (see �gure 6.3) disappears.the dete
tor than simulation results in more se
ondary intera
tions. However,this solution of the normalization problem 
ould also be a fortunate 
oin
iden
e.Moreover if these 
uts are removed from the 
-sample in order to have the"proper" normalization for the BH 
ontribution, the data in the 
-sample is higherthan the MC predi
tions. A visual s
an of the new a

epted events showed thatmost of them had a very di�erent topology than the expe
ted for the 
-sample,mainly 
onsisting in events with a high number of tra
ks.Considering that the e-sample and the 
-sample 
ould have di�erent behav-iors, it was de
ided to use the 
-sample itself to 
ross-
he
k the BH normalization.This has the advantage of making use of the same topology. The region of thehigh-W (from 160 GeV to 240 GeV) in the 
-sample is dominated by the BHpro
ess with a small 
ontribution from the DVCS. The ba
kground of DVCSwas estimated by MC and subtra
ted. Then, MC predi
tions of GRAPE were
ompared with the data.The ratio between the number of events predi
ted by GRAPE and theevents found in data in the highW region in the 
-sample are shown in table 6.3;87



Chapter 6 Deeply Virtual Compton S
attering data analysisthe values obtained for the e-sample are also shown. The quoted un
ertainties
orrespond to the statisti
al un
ertainties and the following systemati
s 
he
ks:the ele
tromagneti
 energy s
ale in MC was varied by �2% in BCAL and �1% inRCAL; the mixture of elasti
-inelasti
2 was vary a

ording with its un
ertaintyand only for the high W 
-sample , DVCS MC predi
tion was varied by �50%.The values obtained are 
onsistent within un
ertanties for both samples.high W 
-sample e-samplee+p e�p e+p e�pData/MC 0:87� 0:09 0:92� 0:05 0:82� 0:10 0:85� 0:07Table 6.3: The ratio between number of data and MC events for di�erent samples.
6.3 
-sample studies6.3.1 Physi
s ba
kgroundsBethe-Heitler pro
ess is the main ba
kground to the signal sample. In this se
tion,other pro
esses that 
an mimi
 the topology of the 
-sample are 
onsidered.Ve
tor meson ba
kgroundThe di�ra
tive ele
troprodu
tion of ! and � mesons was 
onsidered as a possiblesour
es of ba
kground to the 
-sample .� ! ba
kground: ep! e0!p0, ! ! �o
.This pro
ess 
an produ
e the same topology as the 
-sample when only oneof the de
ay produ
ts of the ! meson is dete
ted in addition to the s
atteredele
tron. This ba
kground was investigated using a sample generated byZEUSVM (see se
tion 3.2.4). The MC was normalized using the measured! 
ross se
tion [103℄. After the sele
tion 
uts, the 
ontribution of ! eventswas estimated to 0.3% of the 
-sample and therefore negle
ted.In order to 
he
k the proper normalization of this MC, the pro
edure usedin [104℄ has been followed. Calorimeter obje
ts 
alled 
ondensates aregroups of adja
ent 
ells with energy above some 
ut-o� 3. Considering2The adjustment des
ribed in 6.2.1 was also performed for the high W 
-sample resultingin (15� 6)% and (21� 5)% inelasti
 
ontribution for the e�p and e+p sample, respe
tively.88
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Figure 6.6: Invariant-mass spe
tra (left) and 
orrelation between polar angles (right)of the 
andidate 2 and the 
ondensate in the 
-sample for a ! MC sample.
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Figure 6.7: Invariant-mass spe
tra (left) and 
orrelation between polar angles (right)of the 
andidate 2 and the 
ondensate in the 
-sample for e�p data.only 
ondensates formed by 
ells that do not belong to the 
andidates,the MC simulation for ! events shows that it is possible to re
onstru
t apeak (� 0:65 GeV, whi
h is 
lose to M! = 0:78 GeV) in the invariant-massspe
tra using the 
andidate 2 and the most energeti
 
ondensate. The re-
onstru
ted value is underestimated due to the un
alibrated quantities usedto build the 
ondensates. In addition, the 
ondensate and the 
andidate 23For pure EMC 
ondensates the 
ut-o� is set to 0.1 GeV and for pure HAC and mixedHAC-EMC 
ondensates the value is 0.2 GeV.89



Chapter 6 Deeply Virtual Compton S
attering data analysishave an angular 
orrelation. In �gure 6.6, the invariant-mass spe
tra (left)and the 
orrelation between the polar angles (right) for the ! MC sampleare shown.As seen in �gure 6.7, neither of the behaviors exhibited for the ! MCare reprodu
ed in data whi
h 
on�rms the negligible 
ontribution of thisba
kground obtained before.� � ba
kground: ep! e0�p0, �! K0LK0S.In this pro
ess, when a further de
ay of the K0S ! �0�0 is produ
ed, andthese neutral pions de
ay into 2-
's, the 
-sample topology 
an be obtainedif only one of the de
ay produ
ts is dete
ted. A MC sample of � was used toestimate the 
ontribution of these events. The normalization of the samplewas done using the measured 
ross se
tion [105℄. It was found that noevents survive the sele
tion.Proton-disso
iative ba
kgroundNo MC generator for inelasti
 DVCS was available for this analysis. Thus, follow-ing [104℄, the fra
tion of inelasti
 
ontribution was taken from the measurementsof the di�ra
tive J= photoprodu
tion [106℄: f = 17:5 � 1:3(stat:)+3:7�3:2(syst:)%.The use of this value is based on the assumption than the inelasti
 ba
kground indi�ra
tive intera
tions is pro
ess independent. The assumption is 
on�rmed,within a relative large un
ertainty, from the measurements of elasti
 ve
tor-mesons. It is assumed that the fra
tion has no kinemati
 dependen
e. Howeverit is possible to spe
ulate about the 
ontribution of the inelasti
 
omponent, forexample, looking at possibles time or kinemati
 dependen
es. Time dependen
es
an be due to the removal of the Forward Plug Calorimeter (FPC) [107℄ whi
hwas previously used to reje
t inelasti
 events. Thus, samples at HERA II might
ontain more inelasti
 events.In �gure 6.8, the fra
tions of inelasti
 events obtained in the di�erent sam-ples belonging to this analysis and to HERA I analysis are plotted as a fun
tionof the W region. Low W and highW represent W between 40 GeV and 140 GeVand between 160 GeV and 220 GeV, respe
tively. For the e-sample (squares)and 
-sample (triangles) of this analysis, the fra
tion was obtained using the
oplanarity method (see se
tion 6.2.1). The point labeled as DVCS HERA I 
or-responds to the previous analysis of DVCS [104℄. The LPS4 HERA I point refersto the proton-disso
iative 
ontribution estimated in the in
lusive di�ra
tive 
ross4LPS stands for Leading Proton Spe
trometer.90
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ontributions for various samples of this analysis and HERA Ianalysis as a fun
tion of W . The 
ontributions for the e-sample and 
-sample of thisanalysis were 
al
ulated with (solid markers) and without (hollow markers) the 
utjtj < 1GeV2. All the results are 
onsistent, however a tenden
y to higher 
ontributionsis observed in the low W region for e-samples.se
tion measurement [108℄ using the LPS, 
al
ulated for the wholeW range. Thevalues of this analysis at low W show a tenden
y to be higher than the previousHERA I and than the HERA II high W results, nevertheless all the values are
onsistent within the un
ertainties.
Other 
ontributionsIn photoprodu
tion, though the ele
tron is s
attered at very small angles and lostdown the rear beam pipe, isolated hadrons 
ould be misidenti�ed as the s
atteredele
tron. The MC program PYTHIA [89℄ was used to generate a photoprodu
tionsample with single photons in the �nal state [112℄, however no events survived theanalysis sele
tion. Another sour
e of ba
kground 
ould be prompt photon events.These are 
hara
terized by the presen
e of a high-ET photon whi
h emergesdire
tly from the lepton-proton intera
tion. From the MC simulation, the promptphoton signal was reje
ted after the 
uts, mainly due to jets present in the events.Finally, the possible 
ontamination from in
lusive DIS and di�ra
tion were testedusing samples of DJANGOH [113℄ and RAPGAP [114℄, respe
tively. No eventswere found for both 
ontributions. 91



Chapter 6 Deeply Virtual Compton S
attering data analysis6.3.2 Data and MC 
omparisonDistributions of the e�p and e+p 
-sample are shown in �gures 6.9 and 6.10,respe
tively. The data are 
ompared with the MC predi
tions for the 
ontribut-ing pro
esses: elasti
 and inelasti
 BH and elasti
 DVCS. All the 
ontributionshave been normalized to the luminosity of the data. The BH predi
tions havebeen adjusted using the 
oplanarity method as des
ribed in se
tion 6.2.1. Thefra
tions used for the adjustment 
orrespond to the �t performed on the highW 
-sample sin
e the Bethe-Heitler events have the same topology as the ones
ontributing to the kinemati
 region of interest (40 GeV <W < 140 GeV).Overall, a fair agreement is observed between data and MC. However, the�
 distributions show a 
learly ex
ess of data at low �
 , whi
h is also re
e
tedin the distribution of W . For the rest of the distributions, the ex
ess is smearedout. It is spe
ially important to understand this ex
ess sin
e it is lo
ated in thelow W area whi
h 
orresponds to the main region for the extra
tion of the DVCSsignal.A visual s
anning of the events lo
ated in the region of the ex
ess 
ouldhelp in the identi�
ation of any 
ommon 
hara
teristi
 of those events. A typi
alexample of a low �
-data event is shown in �gure 6.11 and, as 
an be seen, is ani
e example of a DVCS 
andidate with the two 
lusters and an empty dete
tor. All the events s
anned were found to be similar to this one, the only 
ommonfeature found in a fra
tion of them was the existen
e of small deposits of energy
lose to the photon 
andidate (also seen in �gure 6.11). However su
h signaturewas not 
on
lusive sin
e most of these deposits were at the noise level. In thefollowing se
tions, the di�erent studies performed to understand the ex
ess arereviewed.6.3.3 Shower shape studyNeutral parti
les, su
h as �0 and �, leave the same signal as photons in thedete
tor, so they 
an be a potential sour
e of ba
kground in the 
-sample . Away to identify them is using their shower shapes (see se
tion 4.3). The 
lusters
oming from those parti
les are mainly formed by the 2 
's in whi
h they de
ay.Thus, their shower shapes are expe
ted to be di�erent from the ones of a 
lusterformed by a single photon. To investigate this 
ontribution the shower shapevariable, fMAX , whi
h is de�ned byfMAX = energy in the most energeti
 
ell of the 
lustertotal energy in the 
luster ; (6.1)92
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Figure 6.9: 
-sample 
ontrol plots for e�p : data distributions of the energy ofthe ele
tron (a), the energy of the 
 (b), the polar angle of the 
 (
), the 
oplanarity(d), the absolute value of t (e), Q2 (f) and W (g) 
ompared to the MC samples. MChistograms are normalized to the luminosity of the data.was used. 93
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Figure 6.10: 
-sample 
ontrol plots for e+p : data distributions of the energy ofthe ele
tron (a), the energy of the 
 (b), the polar angle of the 
 (
), the 
oplanarity(d), the absolute value of t (e), Q2 (f) and W (g) 
ompared to the MC samples. MChistograms are normalized to the luminosity of the data.The 
hara
teristi
 of the neutral meson ba
kground is analyzed using single-parti
le MC sample of �0 (! 

). The sample was generated with a 
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Figure 6.11: An example of a low �
 -data event in the 
-sample .and with 2 GeV < E�0 < 6 GeV.After the re
onstru
tion, for all the events in the MC sample, only oneele
tron 
andidate was found by the ele
tron �nder SINISTRA. Figure 6.13 (a)shows the generated energy of �0 together with the re
onstru
ted energy above4 GeV. The re
onstru
tion eÆ
ien
y for �0 in this range of energy is �25%. In asmall fra
tion of events (� 5%) it is possible to resolve the 2 
's from the de
ay
onsidering the 
ombination of the SINISTRA 
andidate and a 
ondensate (see�gure 6.12). The invariant-mass spe
tra for the SINISTRA 
andidate and the
ondensate is shown in �gure 6.13(b). The region below 0.2 GeV 
orrespondsto the mass peak of �0 and thus to the 
orre
t identi�
ation of the two pho-tons from the de
ay. The rest of the spe
tra is asso
iated to 
ondensates 
omingfrom noise. This distribution 
an be 
ompared with the invariant-mass spe
trafor the 
-sample shown in �gure 6.7 (left), where almost no events are seen inthe region below 0.2 GeV. Figure 6.13 (
) and (d) show the polar angle and thefMAX distribution for the re
onstru
ted �0 , respe
tively. Regarding to the an-gular distribution, the RCAL region has less 
andidates re
onstru
ted than thebarrel part. This e�e
t is due to the better tuning of the ele
tron �nder SINIS-TRA in the RCAL region whi
h results in a better distin
tion between photonsand �0 in that area. The BCAL region presents a 
at distribution with no signif-95
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�0 



 SINISTRA Candidate
SINISTRA Candidate+ 
ondensate

Figure 6.12: S
hemati
 view of �0 de
ay and the 
ombinations to re
onstru
t the �0 .i
ant eviden
e of dete
tor e�e
ts in any parti
ular region. The fMAX distributionis 
at with values in the range from 0.2 to 1.
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(a) (c)(b)Figure 6.14: The fMAX distributions of the 
andidate 2 in the 
-sample for the wholeBCAL region (a) and for 2 separated regions, (b) and (
).Having seen the properties of fMAX for the �0 , �gure 6.14 shows thefMAX distributions of the 
andidate 2 in the 
-sample for two di�erent regionsin the BCAL: the low �
 region (40Æ < �
 < 75Æ) and the high �
 region (75Æ <�
 < 130Æ), and for the 
ombination of these two whi
h 
orrespond to the 
om-plete BCAL region. MC histograms are normalized to the luminosity of the data.In the whole BCAL region, fMAX distributions in data and MC have very similarshapes, however a slight shift in the peak position is observed. The distributionfor the high �
 region shows a good agreement between data and MC and, asseen before, the low �
 region exhibits an ex
ess of data over MC predi
tions.The shift in the peak positions was 
orre
ted. This e�e
t is due to a missing
orre
tion fa
tor to the energy of the single 
ells5 from whi
h the fMAX is 
al
u-lated. The peak positions from data and MC in the high �
 region were obtainedfrom the mean values of a Gaussian �t performed on the fMAX distributions. Thedi�eren
e between the peak positionshMCi � hDatai = 0:93� 0:90 = 0:03; (6.2)was used to shift down the MC fMAX distributions. The 
orre
tion fa
tor wasapplied for both regions in the BCAL sin
e no di�eren
es were found in the MCbehavior for the low and high �
 regions (see �gure 6.16).In �gure 6.15, the fMAX data distributions are 
ompared to MC after the
orre
tion, where the total MC 
ontribution has been normalized to the number5The energy 
orre
tions explained in se
tion 4.3.1 were applied to the total energy of the
luster. 97



Chapter 6 Deeply Virtual Compton S
attering data analysisof data. Comparing the distributions between the two di�erent region of theBCAL it 
an be seen that the data in the low �
 region appears to have a smallplateau at � 0:7 whi
h is not seen for the data distribution in the high �
 regionof the BCAL. Su
h a plateau 
ould a

ommodate some ba
kground 
oming from�0 . Sin
e the high �
 region shows a very good agreement between data andMC, it 
an be assumed that this region is dominated by 
lusters that have theirorigin in single photons.
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Figure 6.15: The fMAX distribution (lower) after being 
orre
ted (see text).Figure 6.16 shows a dire
t shape 
omparison between the fMAX distributionsin the two BCAL regions for data (left) and MC (right). MC-MC 
omparisonshows that the behavior of the fMAX distribution is the same in both regions ofthe BCAL. In the 
ase of the data-data plot, the shapes of the distributions arevery similar and the small plateau mentioned before is 
overed by the statisti
alun
ertainty and therefore not signi�
ant. However, it is visible that the distri-butions are shifted. This fa
t 
ould be due to an inhomogeneous distribution ofdead material in front of the BCAL. With the arguments presented here, it 
anbe 
on
luded that it is very unlike that ba
kground 
oming from neutral parti
les
ould a

ount for the ex
ess of data observed in the low �
 region.6.3.4 Presampler energiesAnother way for 
he
king the 
ontamination from neutral parti
les is looking atthe energies deposited in the Presampler dete
tors, spe
i�
ally the BPRES (seese
tion 2.2). The multiple-photon signal left by the de
ay of neutral parti
leswill produ
e a higher response in the BPRES than a single-photon signal. Figure98
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Figure 6.16: Shape 
omparison between the fMAX distribution in two di�erent rangesof �
 for e�p data (left) and MC (right).
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Figure 6.17: BPRES energy for the 
-sample at low �
 values.
6.17 shows the BPRES energy for the 
-sample in the region where the ex
ess isobserved. The distribution shows that all the ex
ess of data is 
on
entrated 
loseto 0 
on�rming the low probability of having �0 or � 
ontamination. Moreover,preshowering photons 
an be also dis
arded for the same reason.99



Chapter 6 Deeply Virtual Compton S
attering data analysis6.3.5 �
 studySin
e from the 
-sample 
ontrol plots, the ex
ess was more visible in the �
 dis-tributions (see �gures 6.9 and 6.10, (
)), it might be that the ex
ess is related toa problem in the �
 
al
ulation. The majority of the events in the 
-sample 
on-�guration does not have a tra
k, therefore the zvtx is assumed to be at 0 and this
ould introdu
e a bias in the determination of �
 .
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Figure 6.18: zvtx distribution in data and MC for events with a tra
k in the 
-sample with loose 
uts (see text). MC histograms are normalized to the luminosity ofdata. An approa
h for studying this e�e
t 
onsists in taking the fra
tion of 
-sample events with a tra
k and re
al
ulate �
 for these events assuming zvtx = 0.Only 103 events in the e�p 
-sample have a tra
k asso
iated to the s
atteredele
tron, to in
rease these numbers the following 
riteria were used:- Energy 
ut for 
andidate 2 was lowered to 4 GeV.- No 
ut on t.- The momentum 
ut of the tra
k was lowered to 0.150 GeV.After this sele
tion a fa
tor of 2.1 in the number of events was gained.Figure 6.18 shows the distribution of the zvtx for this sample. The zvtxdistribution has a reasonable shape taking into a

ount the poor statisti
s and100
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(a) (b) (c)

(d) (e) (f)Figure 6.19: Distributions for events with tra
k in the 
-sample of �
 (a), �
 
al
ulatedassuming zvtx = 0 (b), the di�eren
e ��
 = �
��
;zvtx=0 (
), �
 after the reweighting ofMC samples (d), �
 
al
ulated assuming zvtx = 0 after the reweighting of MC samples(e). Reweighting fun
tion (f) for the nominal (bla
k line) and enhan
ed (red line) zvtxdistribution.also the low quality of the tra
ks used to �nd the vertex. These are tra
ks thatgo very rear, usually outside the a

eptan
e of the CTD. On this sample, �
 is
al
ulated again for ea
h event assuming zvtx = 0. The results are shown in �gure6.19 upper plots, where (a) 
orresponds to the distribution of �
 for the nominalvertex position, (b) shows the �
 
al
ulated with z of the vertex at 0 and (
) thedi�eren
e between both polar angles.The re
al
ulated �
 distribution is very similar to the original one and it doesnot show a parti
ular enhan
ement in any �
 range, whi
h is understandable sin
ethe zvtx is approximately symmetri
 with respe
t to 0. Moreover the behavior ofdata is reprodu
ed by the MC simulation.However, as it is seen in the zvtx distributions, right plot in �gure 6.18, thereis a 
ontribution from intera
tions of the satellite bun
hes (zvtx � 70 
m). Theseevents, situated in the +z dire
tion, produ
e lower �
 after the shift to zvtx = 0.It is possible to 
he
k what would be the e�e
t if the events in the satellite101
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attering data analysisbun
hes were underestimated. For that, MC samples were reweighted with amodi�ed vertex distribution whi
h 
ontains a higher 
ontributions of the satellitebun
hes [111℄ (see �gure 6.19 (f) ). After the MC reweighting, the original andshifted �
 distributions are shown in �gure 6.19 (d) and (e), respe
tively. The MCdistributions of �
 exhibits a general distortion and in the shifted distribution anin
rease of events at low �
 is observed.In order to see how large 
ould be the 
ontribution of the satellite bun
hes,two MC samples of Bethe-Heitler events were 
ompared. One of them was pro-du
ed with a generated vertex distribution at zvtx = +70 
m and the other withthe nominal position. Figure 6.20 shows the zvtx distributions from both sam-ples. Both topology, e-sample and 
-sample are 
onsidered. The a

eptan
e forthe shifted sample is �1.4 higher than the nominal one. From the distributionsit 
an be seen that the satellite 
ontributions have a re
onstru
ted vertex at theexpe
ted position, around 70 
m, while only a small fra
tion (� 8%) is re
on-stru
ted with a vertex at zvtx = 0. From here, it 
an be 
on
luded that the
ontribution of BH satellite bun
h events should be small and, sin
e the DVCS
ross se
tion is smaller than the BH, any possible 
ontribution from DVCS satel-lite bun
h events should be even smaller. Also any e�e
t asso
iated to this kindof 
ontributions should appear in the e-sample, whi
h has been not observed.
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Figure 6.20: MC distributions of re
onstru
ted zvtx for a sample with the generatedvertex 
entered at z = +70 
m (left) and at z = 0 
m (right). See text.In addition, a determination of the zvtx for ea
h event was done usingthe 
onservation of the transverse momentum and geometri
al arguments. This102
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-sample studies Chapter 6method was tested using the data of the e-sample and further applied to 
al-
ulate the z position of the vertex for the 
-sample events. Figure 6.21 showsthe nominal zvtx distribution (solid line) in 
omparison with the one obtained bythe previous arguments (dashed line) for data events in the e-sample (left) and
-sample (right). The method has not been tested in depth and features likethe tails produ
ed are not understood. Nevertheless the distributions obtainedexhibit the Gaussian shape expe
ted. So the aim of these distributions is onlythe demonstration that the 
-sample events are 
oming from a region 
lose to theintera
tion point and therefore most likely from a ep intera
tion.
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Figure 6.21: Distributions of the nominal zvtx (solid line) and the one 
al
ulatedthrough the 
onservation of transverse momentum and geometri
al arguments (dashedline) for data events in the e-sample and 
-sample .6.3.6 Other 
he
ksFurther sour
es of ba
kground and hypothesis that 
ould explain the ex
ess ofdata were 
he
ked:� Data quality 
he
ks.The runs whi
h 
ontain the data events in the ex
ess region were takenover the whole running period. Also the events in ex
ess region do notoriginate from the 
alorimeter hot 
ells. Moreover, the spe
i�
 CAL dataquality monitoring was 
he
ked but no indi
ations of malfun
tioning of thedete
tor were found. 103



Chapter 6 Deeply Virtual Compton S
attering data analysis� Elasti
ity 
ut.Sin
e one of the features observed during the s
anning of the data eventsin the ex
ess region was the presen
e of 
ells with small energies (see �gure6.11), the elasti
ity 
ut was revisited. Instead of applying a 
ut on theenergy of individual 
ells, a test using the total energy deposited on the
ells was done. Figure 6.22 shows the total EMC (�rst row) and HAC(se
ond row) energy for di�erent se
tions of the 
alorimeter (in 
olumns)for the 
-sample . The third and fourth rows show, in the same way, the
orrelation between total energy and number of 
ells. Cutting on the totalenergy of 
ells results in a overall redu
tion of events that does not a�e
tspe
i�
ally the ex
ess region.� Super-
al 
ra
k events.The regions between the 3 
alorimeter se
tions, FCAL to BCAL and BCALto RCAL, are 
alled super-
al 
ra
ks. These regions are known not to beperfe
tly des
ribed by the MC simulation and for example, the eÆ
ien
y ofthe ele
tron �nders is lower in these regions of the CAL [96℄. Less than 1%of the events in the 
-sample was lo
ated in the super-
al 
ra
ks and thee�e
t in the ex
ess region was minimal.6.4 Beam indu
ed ba
kgroundEle
tron and proton intera
tions with the residual gas in the beam pipes are
ommon sour
es of ba
kground. Proton-beam gas events are e�e
tively reje
tedby the timing 
uts at the trigger level and/or the E� pz 
ut. On the other hand,overlays of o�-momentum ele
trons 
an fake a DIS signal and they 
an not beidenti�ed using timing. An estimation of the 
ontribution of su
h events 
an bedone using ele
tron-only (e-only) runs6.From the ba
kground studies 
arried out after the HERA upgrade, a MCsimulation for o�-momentum ele
trons was available [102℄. If it is possible to geta normalization of the MC, this 
ould be used dire
tly to subtra
t statisti
allythe 
ontribution of o�-momentum ele
trons . However this MC simulation is verylimited and its performan
e was 
he
ked by doing a 
omparison with e-only dataruns. The sample sele
ted for the 
omparison satis�es these 
riteria:6Only ele
tron beam is operating in the ma
hine104
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Figure 6.22: The distributions of the total energy deposited in 
ells not belongingto the 
andidates in the 
-sample are shown in the �rst (se
ond) row for the EMC(HAC) se
tions lo
ated, from left to right, in FCAL, BCAL and RCAL. The 
orrelationbetween the total energy and number of 
ells is shown in similar way in the last tworows.- E-only runs were required to have a 
orre
t C5 timing in order to be ableto use CAL information.- At least one ele
tron 
andidate. For all the e-only runs analyzed, no eventwith more than one 
andidate was found.- Ele
tron probability greater than 0.6.- Energy of the 
andidate > 5 GeV.- Q2ele > 3 GeV2.- Box-
ut of 14� 18 
m2.Figure 6.23 shows the energy of the ele
tron 
andidate for 5 di�erent e-onlyruns 
ompared to the ba
kground MC. MC histograms are normalized to the105



Chapter 6 Deeply Virtual Compton S
attering data analysisnumber of data events. The runs are ordered in time; the �rst one 
orrespondsto the earliest period of data taking and a good agreement between data andMC is observed. For the rest of the runs, the MC is not des
ribing the data. A
hara
teristi
 peak at �15 GeV, 
orresponding to the o�-momentum ele
trons ,is not reprodu
ed by the MC. Di�eren
es between earlier and later runs 
ould be
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Figure 6.23: Examples of the energy distribution of the SINISTRA 
andidate fore-only runs data (dots) 
ompared with a ba
kground MC (histograms). MC histogramsare normalized to the number of data.produ
ed by di�erent va
uum and beam 
onditions and also by the further tuningof the ma
hine as the data taking period was developing. Thus, the use of thisMC for a dire
t determination of the ba
kground 
ontribution is not possible.However, using the e-only runs it is possible to 
al
ulate a ba
kground rate
oming from o�-momentum ele
trons . For this, the FLT slot 38 was used. Slot 38triggers on RCAL energies7 and it is mainly dominated by beam-gas events. Thisslot is available in both, e-only and physi
 runs, and even though it is pres
aleddue to the high rate, it 
an be used to obtain an estimation of a 
ross se
tion forthese overlay events.7In
luding the �rst inner ring but with a 5 GeV threshold.106



6.4 Beam indu
ed ba
kground Chapter 6The events in the e-only runs are triggered by a SRTD related slot 8 witha pres
ale fa
tor of 64. Counting the number of events that survive the sele
tionexplained above,N sel, the number of events taken by the slot 38 isN slot38 = 64N sel rate of slot 38rate of slot SRTD : (6.3)In this way, N slot38 is the number of overlay-events 
oming from o�-momentumele
trons in a DIS sele
tion. From here, the rate, R, for this 
ontribution is
al
ulated using the a
tive time and the given rate of slot 38 in ea
h e-only run.This was done in two di�erent ways, as a 
he
k of 
onsisten
y:1. averaging method: R = Pi Nslot38irateslot38i wiPiwi ; (6.4)where wi = (a
tive time)i � (rateslot38i ) and the index i runs over all thee-only runs.2. summing method: R = PiN slot38iPi a
tive time; (6.5)where the index i runs over all the e-only runs.The rates obtained with the averaging and the summing methods are shownin �gure 6.24, where the same tenden
y is observed for both methods. The topplot shows the rates as a fun
tion of an energy 
ut for the nominal Q2 valueused in the sele
tion. In the bottom plot, the rates are shown as a fun
tion of aQ2 
ut for E > 5 GeV. In both 
ases, the rates were 
al
ulated with (triangles)and without (squares) the ele
tron identi�
ation probability 
ut. As the energyin
reases the rates are de
reasing, be
oming almost 0 for energies of the 
andidateabove 13 GeV. As a fun
tion of Q2, the rates also de
rease until Q2 = 6 GeV2where they seem to rea
h a 
onstant value.Assuming an upper limit of 0.005 Hz and a lower limit9 of 0.001 Hz, anestimation of the 
ross se
tion for ba
kground events was done using the following8The slot used the information from the SRTD timing to sele
t or reje
t events.9This value would 
orrespond to the rates obtained for ele
tron energies above 10 GeV orQ2 greater than 10 GeV2. 107
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Figure 6.24: O�-momentum ele
tron rates in e-only runs estimated for the slot 38 asa fun
tion of the energy of the ele
tron (top) and Q2 (bottom) 
ut. As the energy andthe Q2 in
rease the rates be
ome smaller. The e�e
t of using a probability requirementis shown with the 
olor 
ode, also the 2 di�erent methods to estimate the rates areshown (see text).formula: �bkg = R � �Rates of slot 38L �physi
 runs: (6.6)The results as a fun
tion of the years are shown �gure 6.25. Note that e-onlyruns are usually taken with di�erent ba
kground and beam 
onditions respe
t tophysi
 runs. This fa
t might a�e
t the extrapolation of slot 38 rates from e-onlyto the physi
 runs.It 
an be 
on
luded that the possibility of overlays 
oming from o�-momentumele
trons is small and as it has been shown that, with the sele
tion 
riteria of atypi
al DIS analysis (s
attered ele
tron with energies above 15 GeV), the 
ontri-bution is negligible. For the DVCS analysis no 
ontribution is expe
ted sin
e no108
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Figure 6.25: Estimated 
ross se
tion for o�-momentum overlay events for di-�erent year. The solid (hollow) dots represent the 
ross se
tion 
al
ulated for aR=0.001 (0.005) Hz.event was found in the e-only runs with more than one 
andidate.
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Chapter 7Bethe-Heitler data analysis
This 
hapter des
ribes the e-sample whi
h will be used to measured Bethe-Heitler
ross se
tions. The sample analyzed here 
orresponds to the high statisti
 sample:2004-2005 e�p data.7.1 De�nition of the kinemati
 regionA

ording to the e-sample topology (see se
tion 5.1), the s
attered ele
tron is theele
tromagneti
 
andidate found at lower � w.r.t. the proton beam (the fowarddire
tion), whi
h is referred to as 
andidate 2. In 
ontrast to the analysis ofthe e-sample within the DVCS 
ontext (see se
tion 6.1), the "true" kinemati
variables are 
al
ulated and used here, i.e, the kinemati
 variables are 
al
ulatedusing the ele
tron s
attered.The limits whi
h de�ne the kinemati
 region are:� 230 GeV <W < 310 GeV� 20 GeV2 < Q2 < 1000 GeV2� jtj < 1 GeV27.2 Ba
kgroundThe ba
kground 
ontributions to the e-sample have been presented in se
tion6.2.1. The main 
ontributions 
orrespond to dilepton produ
tion and proton-disso
iative BH.The amount of 
ontamination from the dilepton pro
ess has been deter-mined using the wrong-
harge data sample. The events that belong to this sam-ple have the same topology as the e-sample but with a positive 
harged tra
k111



Chapter 7 Bethe-Heitler data analysisasso
iated to the s
attered ele
tron. This 
ontribution 
orrespond to 5% of thee-sample. Dilepton produ
tion, ep ! e0e+e�p, 
ontribute to the wrong-
hargesample sin
e in the �nal state, it 
ontains a opposite-
harged ele
tron with re-spe
t to the ele
tron beam.Figure 7.1 shows the distributions of the energy of the 
andidate 1 (higher�) and 
andidate 2 (lower �) for events belonging to the wrong-
harge sample
ompared with the MC predi
tion for elasti
 and inelasti
 dilepton pro
esses.The ex
ess of data events over the MC predi
tions at small E1 (� 15%) 
ouldbe attributed to the 
ontribution from the di�ra
tive J= (! e+e�) produ
tion[104℄.Assuming that the amount of events in whi
h the right- or wrong-
harge�nal state lepton are dete
ted are the same, the wrong-
harge sample 
an be usedto subtra
t this kind of ba
kground. The advantage of using the wrong-
hargesample instead of the dilepton MC predi
tions is that one does not depend onthe MC simulation and the subtra
tion in
lude the possible 
ontributions fromJ= (! e+e�) and other unidenti�ed ba
kgrounds. As explained in se
tion 8.3,the un
ertanty of this ba
kground estimation will be in
luded in the systemati
errors of the 
ross se
tions.
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Figure 7.1: Distributions of the energy of the 
andidate 1 (left) and 2 (right) fore�p wrong-
harge data events 
ompared with the dilepton MC predi
tions.Proton-disso
iative ba
kgroundThe 
ontribution of the inelasti
 ba
kground is estimated following the pro
edureexplained in se
tion 6.2.1. The fra
tion of inelasti
 events obtained with the112



7.3 Data and MC 
omparison Chapter 7adjustment of the 
oplanarity distribution was (23:2 � 5:6)% in 
omparison tothe MC expe
tation of 21%.7.3 Data and MC 
omparisonThe 
omparison between the data and MC distributions for the e-sample eventsafter the sele
tion detailed in 
hapter 5 is shown in �gure 7.2. Also events withthe 
andidates lo
ated in the super-
al 
ra
k1 areas were reje
ted.In ea
h of the plots, the dots represent the data events after the subtra
tionof the wrong-
harge events whi
h are show as triangles. The histograms shownthe GRAPE MC (elasti
 and inelasti
) 
ontribution normalized to the remainingdata events after the subtra
tion of the wrong-
harge sample.Overall the shapes of the distributions are well des
ribed by the MC. MCdistributions are reweighted in order to �t the ele
tron polar angle data distribu-tion. Only small improvements are observed. An additional 
ut on the transversemomentum of the ele
tron, pT;e > 1:5 GeV was required due to the not good de-s
ription of the simulation for the low pT;e region. The �nal 
ontrol distributionsare shown in �gure 7.3.X and Y position of the vertexDuring the 2004-2005 data taking period, theX position of the beam was 
hanged.As it 
an be seen in �gure 7.4 the data (dots) distribution of the X position of thevertex (left) has a two peak stru
ture whi
h 
orresponds to the di�erent positionsof the beam. In the MC (histogram), there was only one vertex position availablefor the simulation. The peak position for the Y 
omponent of the vertex (rightplot in �gure 7.4) is des
ribed by the MC, only the spread in Y is large in theMC by about 0.5mm.The 
hanges in vertex position 
ould deliver di�eren
es in the a

eptan
e.The e�p data sample was divided in two subsamples whi
h 
orrespond to thetime periods with a stable position of the vertex:- Xvtx= 1.32
m, runs from 52258 to 54500, LXvtx=1:32 = 47:1pb�1.- Xvtx= 1.25
m, runs from 54500 to 57123, LXvtx=1:25 = 88:8pb�1.1R-BCAL 
ra
k:�104 
m < Z < �98:5 
m, F-BCAL 
ra
k: 164 
m < Z < 174:5 
m.113



Chapter 7 Bethe-Heitler data analysisThe number of data events sele
ted for ea
h of the subsamples was divided bythe 
orresponding luminosityno: of data events with Xvtx = 1:32LXvtx=1:32 = 105847:1 = 22:5pbno: of data events with Xvtx = 1:25LXvtx=1:25 = 201088:8 = 22:6pb (7.1)resulting in very similar numbers. Thus, the sele
tion eÆ
ien
ies are found to berather independent of the vertex position and the di�eren
es between data andMC are negle
ted.
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Figure 7.2: e-sample 
ontrol plots for BH 
ross se
tion measurement : data and MCdistributions of E � pz (a), the energy of the 
 (b), the energy of the ele
tron (
),the polar angle of the photon (d) and of the ele
tron (e), the 
oplanarity (f), Q2 (g),W (h) and pT;e (i). The dots are the data events after the subtra
tion of the wrong-
harge events whi
h are shown as triangles. The histograms shown the GRAPE MC
ontribution normalized to the remaining data events after the subtra
tion.115
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Figure 7.3: e-sample 
ontrol plots for BH 
ross se
tion measurement after thereweighting and pT;e 
ut: data and MC distributions of E � pz (a), the energyof the 
 (b), the energy of the ele
tron (
), the polar angle of the photon (d) and ofthe ele
tron (e), the 
oplanarity (f), Q2 (g), W (h) and pT;e (i). The dots are the dataevents after the subtra
tion of the wrong-
harge events whi
h are shown as triangles.The histograms shown the GRAPE MC 
ontribution normalized to the remaining dataevents after the subtra
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Chapter 8BH 
ross se
tion measurements
This 
hapter des
ribes the measurements of the leading order 
ross se
tions forelasti
 Bethe-Heitler events. The extra
tion of the 
ross se
tions is done usingthe e-sample de�ned in the previous 
hapter. Measurements are made of singledi�erential 
ross se
tions with respe
t to the kinemati
 variables Q2 and W and,to the transverse momentum of the ele
tron, pT;e, and the polar angle of the ele
-tron, �e. The 
ross se
tions presented here are based on the 2004-2005 e�p datasample.8.1 Bin sele
tion, a

eptan
e and purityIn order to extra
t the 
ross se
tions, the sele
ted events are binned in the appro-priated variables. The 
hoi
e of the sizes and limits of the bins is done a

ordingto the statisti
al pre
ision of the data and the resolution.The a

eptan
e, A, and purity, P, are de�ned for MC for ea
h of the binsas follows A = NmeasNgen ; P = Nmeas&genNmeas ; (8.1)where Nmeas is the number of events that satisfy the sele
tion 
riteria and arebinned a

ording to the re
onstru
ted variables. Ngen is the number of gener-ated events inside the kinemati
 region of interest, binned a

ording to the truevalues of the variables. Nmeas&gen represents the number of events measured andgenerated.These quantities estimate the quality of the 
ross se
tion measurement andthe bin sele
tion. The a

eptan
e is mainly a measure of the e�e
t of the eventsele
tion and the geometri
al a

eptan
e of the dete
tor. The purity re
e
ts themigration of events from adja
ent bins.The purity and a

eptan
e, 
al
ulated from MC, in the bins used to extra
tthe single di�erential 
ross se
tion are shown in �gures 8.1 and 8.2. The a

ep-tan
es for most of the bins lie above of 30%. The dips observed in the a

eptan
es119



Chapter 8 BH 
ross se
tion measurementsin �e and W bins are 
aused by the super-
ra
k 
ut, that has not been a

ountedfor in the 
uts of Ngen. Purities are typi
ally & 70%.
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Figure 8.1: The a

eptan
e of ea
h Q2 (a) and W (
) bins. The plots on the right
orrespond to the purity for ea
h Q2 (b) and W (d) bins.
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Figure 8.2: The a

eptan
e of ea
h pT;e (a) and �e (
) bins. The plots on the right
orrespond to the purity for ea
hpT;e (b) and �e (d) bins.In �gure 8.3, the Q2 resolutions are shown in two 
ross se
tion bins 
orre-sponding to the low and high Q2 region. The distributions are 
entered around120



8.2 Cross se
tion extra
tion Chapter 8zero, thus no large bias is expe
ted. The resolutions for all bins 
hoosen to 
al-
ulate the single di�erential 
ross se
tions in Q2, W , pT;e and �e are shown in A.
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Figure 8.3: Example of resolution of the measured Q2 in 2 bins used to extra
t the
ross se
tion d�=dQ2. Curves represent a �t with a Gaussian distribution.
8.2 Cross se
tion extra
tionThe single di�erential 
ross se
tions in ea
h bin of a generi
 variable X weremeasured using the relationd�dX = (Ndata �N bg)�XLdata 1A(1 + Æ) (8.2)where- Ndata is the number of data events in the bin.- N bg is the total number of ba
kground events in the bin. Two 
ontributionsare taking into a

ount here: the measured events belonging to the wrong-
harge sample and the inelasti
 events estimated by GRAPE MC, weightedto the luminosity of the data.- A a

eptan
e, as de�ned before, A = NMCmeas=NMCgen .121



Chapter 8 BH 
ross se
tion measurements- Ldata is the luminosity of the data.- �X is the bin width.- Æ 
orresponds to the radiative 
orre
tion fa
tor: Æ = �full=�LO � 1, where�full is the 
ross se
tion in
luding radiative 
orre
tions and �LO is the lead-ing order 
ross se
tion.Sin
e the radiative 
orre
tions are fully in
luded in the MC simulation, the 
rossse
tion extra
tion 
an be simpli�ed usingNMCgen = LMC�full; (8.3)where NMCgen is the number MC events generated in the bin, LMC is the MCluminosity. Then, the leading order 
ross se
tion is extra
ted a

ording tod�dX = (Ndata �N bg)�XNMCmeas LMCLdata d�LOdX (8.4)The statisti
al un
ertainty 
al
ulation for the extra
tion of the 
ross se
tionstakes into a

ount the statisti
al error for the number of data and the 
ontributionfor MC statisti
s. The statisti
al error assigned to the data is pNdata. For MC,the statisti
al error is 
omputed as pPiw2i , where wi are the event weights.8.3 Systemati
 un
ertaintiesThe systemati
s un
ertainties on the 
ross se
tion measurements were 
al
ulatedvarying the relevant measured quantities as well as elements followed of the anal-ysis pro
edure. For ea
h systemati
 un
ertainty the 
ross se
tions are extra
tedand 
ompared to the nominal values, and the di�eren
e is 
onsidered to be thesystemati
 error. The following systemati
s have been take into a

ount:Variation of the sele
tion thresholdsThe distributions of simulated and real data events are not identi
al. Whenthe sele
tion 
uts are applied, these di�eren
es 
an result in biases in the mea-sured 
ross se
tions. In order to estimate the un
ertainties, the main sele
tionthresholds are varied in data and MC a

ording with to resolutions.The variation of the sele
tion 
uts resulted in small 
hanges in the measured
ross se
tions. However, varying the threshold for the elasti
ity 
ut was found to122



8.3 Systemati
 un
ertainties Chapter 8Cut Quantity VariationE � pz(low limit) 40�2 GeVE � pz(high limit) 70�2 GeVEe 5�1 GeVptra
k 0.5 �0.1 GeVpT;e 1.5 �0.15 GeVE
ell(elasti
ity 
ut) � 40 MeVTable 8.1: Summary of the variation of sele
tion threshold used as a systemati
 
he
ks.give 
hanges of around 10%. Table 8.3 shows a summary of the sele
tion thresh-olds varied.Systemati
 
he
ks related to dete
tor e�e
ts� The ele
tromagneti
 energy s
ale in MC was varied1 by �2% for ele
tro-magneti
 
lusters found in the BCAL region and by �1% for the ones foundin the RCAL. Variation up to � 20% are observed in the measured 
rossse
tions.� To a

ount for alignment e�e
ts, the position of the 
andidates found in theRCAL was 
hanged by �5 mm resulting in an average 
hange on the 
rossse
tion of � 5%. In the lowest bin of W a variation up to 30% is observed.Systemati
 
he
ks related to ba
kground subtra
tion and reweighting pro-
edure� The normalization of the inelasti
 
ontribution was varied within the limitsof the �t obtained from the 
oplanarity distribution. The highest variation(� 10%) was found in the highest pT;e bin.� The MC predi
tion of the dilepton pro
ess was subtra
ted (instead of us-ing the wrong-
harge data sample). Small 
hanges, up to(� 5%), wereobserved.� The reweighting of the MC events a

ording to �e distribution was notapplied. The average 
hange resulting from this systemati
 
he
k was �10%.1See se
tion 4.3.1. 123



Chapter 8 BH 
ross se
tion measurementsThe total systemati
 un
ertainties were determined by adding separatelyin quadrature the positive and negative individual 
ontributions for ea
h bin.The individual 
ontributions of ea
h of the systemati
 
he
ks are shown in B. Inaddition, an overall normalization un
ertainty is expe
ted due to the error in theluminosity measurements (e�p : �2:7%).8.4 Measured 
ross se
tionsThe results on the measurements of the single di�erential 
ross se
tion with re-spe
t to Q2, W , pT;e and �e are shown in �gures 8.4 and 8.5. In ea
h of the plots,the inner error bars 
orrespond to the statisti
al errors while the total error barshows the quadrati
 sum of the statisti
al and systemati
 errors.The measured 
ross se
tions are 
ompared to the predi
tion given by theGRAPE MC. The absolute predi
tions of the MC were found to lie systemati
allyabove the data. In order to 
ompare the shape of the 
ross se
tions, the GRAPEpredi
tions have been s
aled by a 
onstant fa
tor of 0.7 (dotted line in �gures8.4 and 8.5). As seen from the plots, the shape of the data is well reprodu
ed byMC. The values of the measured 
ross se
tions with their 
orresponding statisti-
al and systemati
 un
ertainties are listed in tables 8.2-5.Q2 bin (GeV2) d�=dQ2 (pb=GeV2)20-60 0:41� 0:02+0:08�0:0260-100 0:31� 0:02+0:01�0:03100-150 0:15� 0:01+0:06�0:03150-200 0:08� 0:01+0:01�0:02200-250 0:050� 0:01+0:007�0:001250-300 0:030� 0:01+0:001�0:001300-350 0:022� 0:004+0:001�0:005350-400 0:014� 0:003+0:003�0:003400-450 0:018� 0:004+0:001�0:002450-500 0:015� 0:004+0:001�0:002500-600 0:012� 0:002+0:001�0:003600-800 0:004� 0:001+0:001�0:001800-1000 0:005� 0:001+0:001�0:001Table 8.2: Measured values of d�=dQ2
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Figure 8.4: d�=dQ2 (top) and d�=dW (bottom) measured in this analysis. The errorbars on the data point 
orrespond to the statisti
al un
ertainties (inner bars) and tothe statisti
al and systemati
s un
ertainties added in quadrature (outer bars).
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W bin (GeV) d�=dW (pb=GeV)230-235 0:15� 0:05+0:07�0:02235-240 0:16� 0:04+0:03�0:03240-245 0:16� 0:04+0:01�0:02245-250 0:29� 0:06+0:01�0:02250-255 0:34� 0:06+0:02�0:04255-260 0:40� 0:06+0:03�0:02260-265 0:58� 0:08+0:05�0:05265-270 0:65� 0:07+0:04�0:06270-275 0:78� 0:08+0:05�0:06275-280 0:93� 0:09+0:05�0:04280-285 1:48� 0:13+0:45�0:10285-290 2:11� 0:20+0:35�0:25290-295 1:00� 0:13+0:05�0:17295-300 0:46� 0:07+0:08�0:02300-305 0:32� 0:06+0:03�0:04305-310 0:29� 0:05+0:02�0:05Table 8.3: Measured values of d�=dW
pT;e bin (GeV) d�=dpT;e (pb=GeV)1.5-3.5 7:65� 0:85+1:30�0:313.5-5.5 10:31� 1:15+0:21�1:655.5-8 4:02� 0:80+0:53�0:348-11 0:92� 0:42+0:14�0:1111-15 0:16� 0:19+0:04�0:0215-25 0:002� 0:054+0:001�0:001Table 8.4: Measured values of d�=dpT;e
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�e bin (rad) d�=d�e (pb=rad)0.67-0.85 1:08� 0:62+0:23�0:280.85-1.02 3:61� 1:00+0:20�0:501.02-1.20 4:82� 1:18+0:40�0:651.20-1.37 5:46� 1:30+0:44�1:731.37-1.55 5:89� 1:25+0:85�0:591.55-1.72 7:62� 1:53+1:39�0:831.72-1.90 10:90� 1:86+2:28�1:101.90-2.07 15:00� 2:12+2:45�1:312.07-2.25 22:40� 2:75+6:95�2:822.25-2.42 40:95� 4:85+2:19�15:002.42-2.60 80:04� 5:47+16:90�13:832.60-2.77 91:61� 5:10+11:35�6:27Table 8.5: Measured values of d�=d�e
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Chapter 9Summary and 
on
lusions
The analysis in this thesis is a 
omprehensive study of Deeply Virtual ComptonS
attering (DVCS) and Bethe-Heitler (BH) pro
esses with the ZEUS dete
torusing a HERA II data set. The data were taken between 2003-2005, 
orrespondingto an integrated luminosity of 41 pb�1 for e+p and 136 pb�1 for e�p .The analysis is based in the sele
tion of events a

ording to the topologyexpe
ted for the �nal states of DVCS and BH at ZEUS: an ele
tron and a pho-ton 
andidate. An e-sample is de�ned by the ele
tron s
attered at smaller polarangles w.r.t the proton dire
tion than the photon 
andidate and therefore with are
onstru
ted tra
k. The main 
ontribution to the e-sample is the Bethe-Heitlerpro

ess. On the other hand, the 
-sample , whi
h 
ontains DVCS and BH 
on-tributions, is 
hara
terized by the photon lo
ated at lower polar angles and, inmost of the 
ases, no re
onstru
ted tra
k asso
iated to the ele
tron 
andidate dueto the a

eptan
e limitation of the tra
king dete
tors.Elasti
 Bethe-Heitler 
ross se
tionThe elasti
 BH 
ross se
tions are extra
ted for e�p data based on the e-sample in the kinemati
 region of 230 GeV < W < 310 GeV, 20 GeV2 < Q2 <1000 GeV2 and jtj < 1 GeV2. The 
ontrol distributions and the measured 
rossse
tions are found to agree well in shape with the theoreti
al predi
tions as avail-able in the GRAPE-Compton MC. The pre
ision of the measurements is typi
allyof the order 10-20%, with similar 
ontribution of the statisti
al and 
orrelatedsystemati
 errors.The absolute normalization of the predi
tion is found to be too high bya fa
tor � 1:4. Possible reasons whi
h 
ould a

ount for this dis
repan
y area wrong normalization of the LO elasti
 predi
tions or the 
ontribution of theproton disso
iative pro
ess. The good agreement of the shapes of the distribu-tion disfavors experimental e�e
ts as a possible explanation.129



Chapter 9 Summary and 
on
lusionsDVCS analysisThe 
-sample is 
ompared with the predi
tion for the DVCS and BH pro-
esses. The number of data events and the absolute predi
tions from GenDVCSand GRAPE-Compton agree within �5%. Note that this only holds if the fa
tor1.4 observed in the BH measurement is not applied here.The shapes of most of the kinemati
s distributions is in reasonable agree-ment with the predi
tions. This is also valid for the distribution in �
 for large �
.However, at small values of �
, the data overshoots the expe
tations signi�
antly(by a fa
tor of �1.25). In this region, the relative 
ontribution of DVCS is largestand therefore would dominate a DVCS 
ross se
tion determination.A 
onsiderable number of studies have been done in order to understandthe ex
ess in low �
 region. The studies have tried to 
over di�erent hypothesis:� Ba
kground pro
esses: ve
tor meson produ
tion (!; �), proton disso
iation
ontribution, prompt 
, �0 , in
lusive DIS and di�ra
tive events, photopro-du
tion 
ontribution and beam indu
ed ba
kground.� Dete
tor related e�e
ts: shower shape studies, possible bias in �
 
al
ulation,DQM, preshowering parti
les and elasti
ity 
ut.All the 
he
ks have given negative results to explain the ex
ess. A studyof a DVCS 
ross se
tion determination is do
umented in appendix C. It is em-phasized however, that be
ause of the unexplained di�eren
es in the shapes ofthe distributions, it is not possible to determine the full systemati
 error of thatmeasurement.The results presented here have shown the diÆ
ulties of the measurementsof DVCS at HERA II. The feasibility of future measurements on DVCS stronglydepends on the further understanding of the e�e
ts observed in this analysis.
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Appendix AResolution plots
The resolutions have been 
al
ulated in all the bins used for the elasti
 Bethe-Heitler 
ross se
tion measurements presented in 
hapter 8.In �gures A.1, A.2, A.3 and A.4, the resolutions, as measured from MC, areshown in the 
ross se
tion bins for the single di�erential 
ross se
tions in Q2, W ,pT;e and �e, respe
tively. The result of the �t performed on the distributions isalso shown in ea
h 
orresponding �gure.
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Appendix A Resolution plots
Constant  6e+02

Mean      -0.002

Sigma     0.03

gen

2)/Qgen

2-Qrec

2(Q
-0.2 -0.1 0 0.1 0.2

0

200

400

600

Constant  6e+02

Mean      -0.002

Sigma     0.03

 < 602 Q≤20 Constant  5e+02

Mean      -0.001

Sigma     0.02

gen

2)/Qgen

2-Qrec

2(Q
-0.2 -0.1 0 0.1 0.2

0

200

400

Constant  5e+02

Mean      -0.001

Sigma     0.02

 < 1002 Q≤60 Constant  2e+02

Mean      -0.002

Sigma     0.02

gen

2)/Qgen

2-Qrec

2(Q
-0.2 -0.1 0 0.1 0.2

0

100

200

Constant  2e+02

Mean      -0.002

Sigma     0.02

 < 1502 Q≤100 Constant  1e+02

Mean      0.001

Sigma     0.02

gen

2)/Qgen

2-Qrec

2(Q
-0.2 -0.1 0 0.1 0.2

0

50

100

150

Constant  1e+02

Mean      0.001

Sigma     0.02

 < 2002 Q≤150 

Constant  1e+02

Mean      0.0006

Sigma     0.02

gen

2)/Qgen

2-Qrec

2(Q
-0.2 -0.1 0 0.1 0.2

0

50

100

Constant  1e+02

Mean      0.0006

Sigma     0.02

 < 2502 Q≤200 Constant  9e+01

Mean      -0.004

Sigma     0.02

gen

2)/Qgen

2-Qrec

2(Q
-0.2 -0.1 0 0.1 0.2

0

50

100
Constant  9e+01

Mean      -0.004

Sigma     0.02

 < 3002 Q≤250 Constant  9e+01

Mean      -0.002

Sigma     0.02

gen

2)/Qgen

2-Qrec

2(Q
-0.2 -0.1 0 0.1 0.2

0

50

100
Constant  9e+01

Mean      -0.002

Sigma     0.02

 < 3502 Q≤300 Constant  8e+01

Mean      -0.003

Sigma     0.02

gen

2)/Qgen

2-Qrec

2(Q
-0.2 -0.1 0 0.1 0.2

0

20

40

60

80
Constant  8e+01

Mean      -0.003

Sigma     0.02

 < 4002 Q≤350 

Constant  5e+01

Mean      0.001

Sigma     0.02

gen
2)/Qgen

2-Qrec
2(Q

-0.2 -0.1 0 0.1 0.2
0

20

40

Constant  5e+01

Mean      0.001

Sigma     0.02

 < 4502 Q≤400 Constant  3e+01

Mean      -0.0008

Sigma     0.02

gen
2)/Qgen

2-Qrec
2(Q

-0.2 -0.1 0 0.1 0.2
0

10

20

30

Constant  3e+01

Mean      -0.0008

Sigma     0.02

 < 5002 Q≤450 Constant  8e+01

Mean      -0.003

Sigma     0.02

gen
2)/Qgen

2-Qrec
2(Q

-0.2 -0.1 0 0.1 0.2
0

20

40

60

80

Constant  8e+01

Mean      -0.003

Sigma     0.02

 < 6002 Q≤500 Constant  7e+01

Mean      0.001

Sigma     0.02

gen
2)/Qgen

2-Qrec
2(Q

-0.2 -0.1 0 0.1 0.2
0

20

40

60

80

Constant  7e+01

Mean      0.001

Sigma     0.02

 < 8002 Q≤600 

Constant  4e+01

Mean      -0.005

Sigma     0.02

gen

2)/Qgen

2-Qrec

2(Q
-0.2 -0.1 0 0.1 0.2

0

10

20

30

40

Constant  4e+01

Mean      -0.005

Sigma     0.02

 < 10002 Q≤800 

Figure A.1: The resolutions of the measured Q2 in the bins used to extra
t thed�=dQ2. Curves represent a �t with a Gaussian distribution.132
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Figure A.2: The resolutions of the measured W in the bins used to extra
t thed�=dW . Curves represent a �t with a Gaussian distribution.133
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Figure A.3: The resolutions of the measured pT;e in the bins used to extra
t thed�=dpT;e. Curves represent a �t with a Gaussian distribution.
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Figure A.4: The resolutions of the measured �e in the bins used to extra
t the d�=d�e.Curves represent a �t with a Gaussian distribution.135
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Appendix BSystemati
 un
ertanties
This appendix 
ontains the systemati
 un
ertanties that enter in the elasti
Bethe-Heitler 
ross se
tion measurements. The systemati
 un
ertanties are 
al-
ulated a

ording to se
tion C.4.In �gures B.1, B.2, B.3 and B.4, the relative 
hange in the 
ross se
tion forea
h of the systemati
 un
ertanties is shown separatly, and this is done for every
ross se
tion. The numbering in the X axis of �gures 
orresponds to ea
h of thesystemati
 
he
ks (see se
tion C.4):1. Ee > 4 GeV2. Ee > 6 GeV3. 38 GeV < E� pz < 72 GeV4. 42 GeV < E� pz < 68 GeV5. ptra
k > 0:4 GeV6. ptra
k > 0:6 GeV7. pT;e > 1:35 GeV8. pT;e > 1:65 GeV9. Elasti
ity 
ut (+40 MeV)10. Elasti
ity 
ut (�40 MeV)

11. Energy s
ale 
andidate 2(+ variation)12. Energy s
ale 
andidate 2(- variation)13. Energy s
ale 
andidate 1(+ variation)14. Energy s
ale 
andidate 1(- variation)15. Position RCAL 
andidate (+5 mm)16. Position RCAL 
andidate (�5 mm)17. Inelasti
 
ontribution (high limit)18. Inelasti
 
ontribution (low limit)19. MC reweighting 
he
k20. Dilepton 
ontribution
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Figure B.1: Systemati
 un
ertanties for the measurement of d�=dQ2.138
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Figure B.4: Systemati
 un
ertanties for the measurement of d�=d�e.
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Appendix CDVCS 
ross se
tionmeasurements
This 
hapter reports a measurements of the single di�erential ep 
ross se
tionas well as the 
?p 
ross se
tion for the DVCS pro
ess. Due to the dis
repan
iesfound in the des
ription of data distribution by the MC, the full systemati
 errorof the measurement is not determined.In the kinemati
 region de�ned for the measurement: 40 GeV < W < 140 GeV,5 GeV2 < Q2 < 100 GeV2 and jtj < 1 GeV2 the interferen
e term between DVCSand BH 
an be negle
ted [39℄ when the 
ross se
tion is integrated over the angle�1. Therefore the subtra
tion of the BH 
ontribution in the 
-sample lead to theDVCS 
ross se
tion.C.1 Cross se
tion de�nitionsep di�erential 
ross se
tionThe single di�erential ep 
ross se
tion as fun
tion of W and Q2 for the DVCSpro
ess has been extra
ted using the following formula:d�dX (Xi) = (Ndatai �NBHi )(1� f)NDV CSi d�DV CSdX (Xi); (C.1)where the subs
ript i refers to a 
ertain bin of generi
 variable X(=W;Q2) and� Ndatai is the total number of data events in the 
-sample .� NBHi is the number of BH events in the 
-sample determined by GRAPEMC normalized to the luminosity of the data.1Azimuthal angle between the lepton and hadroni
 plane (see se
tion 1.5.1).143



Appendix C DVCS 
ross se
tion measurements� NDV CSi denotes the number of DVCS events in the 
-sample determined byGenDVCS MC normalized to the luminosity of the data.� f is the fra
tion of inelasti
 DVCS events (see 6.3.1).� d�DV CSdX (Xi) 
orresponds to the single ep di�erential 
ross se
tion 
omputedfrom the FFS model (see equation 1.33).
?p di�erential 
ross se
tionThe 
?p 
ross se
tions for the DVCS pro
ess as a fun
tion of W and Q2 areevaluated using�
?p(Wi; Q2i ) = (Ndatai �NBHi )(1� f)NDV CSi �
?pDV CS(Wi; Q2i ); (C.2)where all the terms are de�ned in the same way as for the ep 
ross se
tion and�
?pDV CS 
orresponds to the 
?p 
ross se
tion 
omputed a

ording to the FFS model[40℄. Wi and Q2i are the values at whi
h the 
?p 
ross se
tion is evaluated.Bin sele
tion, a

eptan
e and purityThe size of the bins 
hosen to extra
t the 
ross se
tions has been done a

ordingwith the statisti
s available and also taking into a

ount the problems found withthe data and MC 
omparison. The bin sizes de�ned for Q2 and W are shown intable C.2 and C.2, respe
tively.
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Figure C.1: The a

eptan
e of ea
h Q2 (a) and W (
) bins. The plots on the right
orrespond to the purity for ea
h Q2 bins (b) and W (d) bins.The a

eptan
es, Ai, and purities, Pi, for ea
h of the bins were 
al
ulated usingGenDVCS following the formulae given in se
tion 8.1. The values of Ai and Pi as144



C.2 The ep 
ross se
tions Appendix Ca fun
tion of Q2 and W are depi
ted in �gure C.1. The a

eptan
e is almost 
atin Q2 and W with a values between 10%-20%. Purity, whi
h measures migrationof events from adja
ent bins, de
reases until values �60% for high Q2 bins whilethe values for W bins are �50% on average.C.2 The ep 
ross se
tionsThe single di�erential ep 
ross se
tions as a fun
tion of Q2 and W measured inthis analysis are shown in �gure C.2 (left) and (right), respe
tively. The 
rossse
tions have been 
al
ulated separately for e+p (open 
ir
les) and e�p (triangles)data. For both periods, due to the limited number of events, the 
ross se
tions arenot measured in the last bins of Q2. The inner error bars represent the statisti
alerrors and the outer the statisti
al and systemati
s errors added in quadrature.
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Figure C.2: d�=dQ2 (right) and d�=dW (left) measured in this analysis for thee+p and e�p sample. The �rst Q2 data point for e+p is displa
ed horizontally for aneasy visualization.The measured 
ross se
tions should have the same behavior for the e+p andthe e�p data set under the assumption that the 
ontribution of the interferen
ebetween the DVCS and BH pro
esses is negligible. Within the large un
ertainties,the 
ross se
tion for both data set are 
ompatibles.145



Appendix C DVCS 
ross se
tion measurementsThe values of the measured 
ross se
tions with their 
orresponding statisti
al andsystemati
 un
ertainties are listed in tables C.2 and C.2.e�p e+pQ2 bin (GeV2) d�dQ2 (pb=GeV2) Q2 bin (GeV2) d�dQ2 (pb=GeV2)5 - 20 0:73 � 0:20+0:14�0:08 5 - 20 1:11� 0:44+0:25�0:1820 - 35 0:13 � 0:04+0:02�0:01 20 - 50 0:014 � 0:022+0:005�0:00135 - 50 0:025 � 0:030+0:007�0:002 50 - 100 -50 - 70 0:0030 � 0:0153+0:0007�0:000370 - 100 -Table C.1: Values of the single di�erential ep 
ross se
tions for the DVCS pro
ess asa fun
tion of Q2. Left (right) table 
orresponds to the e�p (e+p ).e�p e+pW bin (GeV) d�dW (pb=GeV) W bin (GeV) d�dW (pb=GeV)40 - 55 0:55 � 0:18+0:08�0:05 40 - 90 0:60 � 0:20+0:25�0:1855 - 70 1:36 � 0:30+0:14�0:11 90 - 140 0:090 � 0:138+0:005�0:00170 - 90 0:63 � 0:27+0:10�0:0690 - 110 0:40 � 0:34+0:14�0:04110 - 140 0:12 � 0:07+0:03�0:01Table C.2: Values of the single di�erential ep 
ross se
tions for the DVCS pro
ess asa fun
tion of Q2. Left (right) table 
orresponds to the e�p (e+p ) data.
C.3 The 
?p 
ross se
tionsThe 
?p DVCS 
ross se
tions were measured as a fun
tion of Q2 for an aver-age value of W = 91:6 GeV and as a fun
tion of W for an average value ofQ2 = 9:1 GeV2. The average values were obtained from GenDVCS. The 
rossse
tions are displayed in �gure C.3 and the 
orresponding values are listed intables C.3 and C.3.The expe
ted steep de
rease of the 
?p DVCS 
ross se
tion with Q2 is observed.Comparison with previous resultsThe results in this analysis were 
ompared with previous measurement avail-able from the H1 and ZEUS experiments. ZEUS [1℄ have measured the DVCS146



C.3 The 
?p 
ross se
tions Appendix C
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Figure C.3: Measured 
?p DVCS 
ross se
tions as a fun
tion of Q2 (right) for< W >= 91:6 GeV and as a fun
tion of W (left) for < Q2 >= 9:1 GeV2. The 
rossse
tions have been 
al
ulated separately for the two data set used in the analysis. Theinner and outer error bars represent the statisti
al and total un
ertainties, respe
tively.The �rst Q2 data point for e+p is displa
ed horizontally for an easy visualization.e�p e+pQ2 bin(GeV2) Q20(GeV2) �
?p(nb) Q2 bin(GeV2) Q20(GeV2) �
?p(nb)5 - 20 12.5 1:96 � 0:54+0:40�0:22 5 - 20 12.5 3:0� 1:2+0:6�0:520 - 35 27.5 0:78 � 0:24+0:13�0:06 20 - 50 35 0:11 � 0:17+0:11�0:0635 - 50 42.5 0:24 � 0:27+0:06�0:02 50 - 100 - -50 - 70 60 0:04 � 0:20+0:01�0:0170 - 100 - -Table C.3: Values of the 
?p 
ross se
tions for the DVCS pro
ess as a fun
tion of Q2.Values are evaluated at the 
enter of ea
h bin, Q20, and for < W >= 91:6 GeV. Left(right) table 
orresponds to the e�p (e+p ) data.
ross se
tion with the data 
olle
ted in 96-00 (17 pb�1 of e�p and 95 pb�1of e+p ). These measured 
ross se
tions were quoted for < Q2 >= 9:6 GeV2,< W >= 89 GeV and the slope b of the t-dependen
e set to 4.9 GeV�2. H1 [2℄measurements have been performed in the kinemati
 range 2 < Q2 < 80 GeV2,147



Appendix C DVCS 
ross se
tion measurementse�p e+pW bin(GeV ) W0(GeV ) �
?p(nb) W bin(GeV ) W0(GeV ) �
?p(nb)40 - 55 47.5 3:63 � 1:20+0:52�0:31 40 - 90 65 5:52 � 1:87+0:61�1:1555 - 70 62.5 11:95 � 2:62+1:26�0:97 90 - 140 115 1:58 � 2:45+0:43�0:3170 - 90 80 7:34 � 3:20+1:20�0:6890 - 110 100 6:06 � 5:21+2:12�0:60110 - 140 125 2:36 � 1:50+1:31�0:24Table C.4: Values of the 
?p 
ross se
tions for the DVCS pro
ess as a fun
tion of W .Values are evaluated at the 
enter of ea
h bin, W0, and for < Q2 >= 9:1 GeV2. Left(right) table 
orresponds to the e�p (e+p ) data.30 < W < 140 GeV and jtj < 1 GeV2 and the values are quoted for < Q2 >=8 GeV2, < W >= 82 GeV and b = 6 GeV�2. These two 
ross se
tions measure-ments were extrapolated to the values used in this analysis in order to 
omparethe results. The 
omparison is shown in �gure C.4.
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Figure C.4: The 
?p DVCS 
ross se
tions measured in this analysis (labeled asHERA II) 
ompared with the previous results from ZEUS [1℄ and H1 [2℄ whi
h havebeen extrapolated to the values obtained in this analysis. The �rst Q2 data point forHERA II e+p is displa
ed horizontally for an easy visualization. Only statisti
al errorsare displayed for the H1 and previous ZEUS data.148



C.4 Systemati
 un
ertainties Appendix CAs one would expe
t, a 
lear disagreement between the measurements of thisthesis and the previous results is seen in the region of low W , W < 90 GeV, sin
ethis area 
orrespond to the problemati
, one as des
ribed in the previous 
hapter.For the Q2 dependen
e, the results, within the large un
ertainties, are in fairlyagreement with the previous measurements.C.4 Systemati
 un
ertaintiesThe systemati
s un
ertainties on the DVCS 
ross se
tion measurements were
al
ulated varying the relevant measured quantities as well as elements followedin the analysis pro
edure and re
al
ulated again the 
ross se
tion. The followingsystemati
s have been take into a

ount:� The ele
tromagneti
 energy s
ale in MC was varied by �2% for BCAL
andidates and by �21% for the RCAL 
andidates. The largest variationgoes until +18% for the high W bins.� The 
ut in the momentum of the tra
k was varied by �0:1 GeV in data andMC resulting in an average 
hange of the 
ross se
tion of � 4% in W andQ2 .� The position of the 
andidates found in the RCAL was 
hanged by �5 mm.Variations up to � 7% are found in the high-W bins.� The parameter b of GenDVCS was 
hanged to 7 GeV�2 (up to +3%) andto 5 GeV�2 (up to �5%).� The normalization of the total (elasti
+inelasti
) 
ontribution of GRAPEwas varied a

ording with the values obtained for the high-W 
-sample (see6.2.3).� The fra
tion of the inelasti
 ba
kground subtra
ted was 
hanged a

ordingwith its un
ertainty (see 6.3.1). This 
hange results in overall normalizationun
ertainty of (+4%;�5%).The total systemati
 un
ertainties were determined by adding in quadrature theabove individual 
ontributions. The dominant sour
e arises from the un
ertantyin the normalization of the BH 
ontribution. In addition, an overall normal-ization un
ertanty is expe
ted due to the error in the luminosity measurements(e+p : �4:5%, e�p : �2:7%). 149



Appendix C DVCS 
ross se
tion measurementsC.5 Comparison with modelsIn �gure C.5 the measured 
ross se
tions are 
ompared with theoreti
al predi
-tions. Two models have been 
onsidered: the GPD-based model of Frankfurt,Freund and Stri
kman and the 
olor-dipole approa
h of Donna
hie and Dos
h(DD) (see 1.5.2).
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Figure C.5: The measurements of 
?p DVCS 
ross se
tions in the kinemati
 range40 GeV < W < 140 GeV, 5 GeV2 < Q2 < 100 GeV2 and jtj < 1 GeV2 in 
omparisonwith the theoreti
al predi
tions of the FFS GPD-based model [40℄ and the CDM ofDonan
hie and Dos
h (DD) [45℄. The band asso
iated with ea
h of the predi
tions
orrespond to an un
ertainty on b-slope measured by H1 [2℄. The �rst Q2 data pointfor HERA II e+p is displa
ed horizontally for an easy visualization.The absen
e predi
tions for the slope b of the t-dependen
e leave an overall nor-malization un
ertainty whi
h have been 
onstrained with the re
ent measure-ments of this dependen
e by H1 [2℄ , giving b = 6:02� 0:35� 0:39 GeV�2. Theerror bands asso
iated to the predi
tions, whi
h are shown in �gure C.5, 
orre-spond to the un
ertainty on this measurement.
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