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AbstratThis thesis presents a measurement of dijet prodution in di�rative deep inelastisattering ep ollisions. This type of proess is speially relevant for the experimentalvalidity of the perturbative QCD approah to di�rative physis. The measurementwas based on an integrated luminosity of 61 pb�1 olleted at the HERA ollider withthe ZEUS experiment. The events were seleted for virtualities of the photon, �,5 < Q2 < 100 GeV2, and energies of the �p entre-of-mass, 100 < W < 250GeV.The jets were reonstruted from energy ow objets using the inlusive longitudinally-invariant kT algorithm in the �p frame. The jets were required to have a transverseenergy in the �p frame E�T;jet > 4GeV. The jet with the highest transverse energywas required to have E�T;jet > 5GeV. All jets were required to be in the pseudorapidityrange �3:5 < ��jet < 0 as measured in the �p frame. The seletion of di�rative eventswas arried out by requiring a large rapidity gap in the diretion of the sattered proton.The value of the fration of initial proton momentum entering in the hard proess, xIP ,was required to be xIP < 0:03. The total ross setion for the proess was measured tobe �DTOT(ep! ep jet1 jet2X 0) = 91:5� 1:2 (stat:) +3:3�5:4 (syst:) +6:4�5:3 (orr:) pbSingle and double di�erential ross setions were extrated and ompared to leading-order preditions and next-to-leading-order QCD alulations. The latter used severaldi�rative parton densities extrated from inlusive di�rative deep inelasti satteringdata. The agreement with the leading and next-to-leading order preditions is good andno hints of fatorisation breaking are observed. The double di�erential measurementan be a preious input for the extration of more aurate di�rative parton densities.



KurzfassungIn dieser Arbeit wird eine Messung von Zwei-Jet Produktion in di�raktiver tief-inelastishe Streuung vorgestellt. Diese Art von Prozess ist insbesondere f�ur die ex-perimentelle �Uberprufung des perturbativen QCD-Ansatzes f�ur di�raktive Physik vonBedeutung. Die Messung basiert auf vom ZEUS-Detektor bei HERA aufgezeihnetenDaten mit einer integrierten Luminosit�at von 61 pb�1. Es wurden solhe Ereignisse se-lektiert, in denen das Photon, �, eine Virtualit�at, Q2, von 5 < Q2 < 100 GeV2 sowieeine Shwerpunktsenergie von 100 < W < 250GeV aufweist. Die Jets wurden ausEnergieussobjekten mit Hilfe des logitudinal-invarianten kT -Algorithmuses im �p-Bezugssystem rekonstruiert. Weiter wurde verlangt, dass die Jets eine im �p-Systemgemessene Transversal-Energie von E�T;jet > 4GeV haben und sih im Pseudorapidit�ats-Bereih von �3:5 < ��jet < 0 be�nden. Der Jet mit der h�ohsten Transversal-Energiemusste zudem E�T;jet > 5GeV erf�ullen. Es wurden solhe Ereignisse als di�raktiveEreignisse angenommen, die eine grosse Rapidit�atsl�uke in Rihtung des gestreutenProtons aufwiesen. F�ur den Impulsbruhteil des Protons, der in die harte Streuungeingeht, xIP , musste xIP < 0:03 gelten. Der gemessene totale Wirkungsquershnitt f�urden Prozess ist�DTOT(ep! ep jet1 jet2X 0) = 91:5� 1:2 (stat:) +3:3�5:4 (syst:) +6:4�5:3 (orr:) pbEinzel- und doppeltdi�erenzielle Wirkungsquershnitte wurden bestimmt und mit Vor-hersagen von QCD-St�orungsrehnungen f�uhrender und n�ahst-f�uhrender Ordnung ver-glihen. In die Rehnungen n�ahst-f�uhrender Ordnung ossen di�raktive Parton-Ver-teilungsdihten ein, die aus Daten von tief inelastisher Streuung extrahiert wordensind. Die Vorhersagen f�uhrender und n�ahst-f�uhrender Ordnung stimmen gut �ubereinund zeigen keinerlei Anzeihen vom Zusammenbruh der Faktorisierung. Die doppelt-di�erenziell gemessenen Wirkungsquershnitte k�onnen benutzt werden, um di�raktiveParton-Verteilungsdihten mit h�oherer Genauigkeit zu bestimmen.
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Chapter 1IntrodutionThe Standard Model (SM) of partile physis is to date the most suessful modelable to desribe the phenomena in the subatomi regime. Quantum ChromoDynamis(QCD) is the part of the SM that desribes the strong interation, the fore responsiblefor the existene of hadrons and nulei. QCD is a gauge theory with the two promi-nent features of asymptoti freedom (the strength of the interation vanishes at shortdistanes) and olour on�nement (only partiles neutral to the strong interation anpropagate freely at large distanes). In the last deades, huge improvements in boththeoretial and experimental understanding of QCD have been ahieved. Many of themwere obtained in the ontext of Deep Inelasti Sattering (DIS) experiments where alepton ollides against a hadron (typially a proton).A partiular subsample of reations driven by the strong interation is di�ra-tion, when no quantum numbers are exhanged between the olliding partiles. As aonsequene either one or both the inoming partiles might emerge intat from theinteration. Other striking experimental signatures are observed, like the presene ofLarge Rapidity Gaps (LRG), angular regions of the detetor without hadroni ativ-ity. The study of di�ration was for a long time relegated outside the QCD ontextbeause of its intrinsi non-perturbative, large distane (i.e. small sale) nature. Theobservation of di�rative events in presene of a hard sale (hard di�ration) hangedthis piture, giving the idea to approah the study of di�ration in the framework ofQCD. Di�rative DIS (DDIS) is an example of a proess where in a soft, di�rativephenomenon, a hard sale is present, namely the virtuality of the exhanged boson,Q2. By studying hard di�ration one has the opportunity to extend the understandingof the strong interation, using the hard sale as a window on the soft regime whihotherwise would not be aessible within perturbative QCD.A signi�ant progress in the task of providing a QCD motivated desription ofhard di�rative proesses was the theoretial proof of the fatorisation theorem forDDIS. This theorem states that di�rative proess an be fatorised into a short- anda long-distane part. The short-range part is the one ontaining the hard sale and isalulable by means of pQCD. The long-distane part onsists of the di�rative partondensities (PDFs) that annot be alulated a priori by perturbative QCD but oneextrated an be used in alulations for other hard di�rative proesses (universalityof the dPDFs). The basi relevane of this theorem is the possibility of a QCD inter-1



2 Introdution 1.0pretation of di�ration. This is the basis (alas not the solution) for inserting di�rationin the QCD framework. Ativities are ongoing in proving experimentally the validityof this theorem. In the perspetive of a QCD interpretation of di�ration, data from epollisions at the HERA aelerator have a twofold importane. First, they an be usedfor extrating the dPDFs in a similar fashion to the proton PDFs. Seond, HERA dataan be used to hek the fatorisation theorem. It is important to note that the proofof fatorisation only holds for DDIS but not for hadron-hadron sattering. Indeed,data from p�p ollisions showed a breaking of the fatorisation explained by means ofseondary soft interations.The study of dijets in di�rative DIS is an analysis well-suited for these goals. In fatthe prodution of dijets simultaneously to the DIS proess guarantees the presene oftwo hard sales, Q2 and the transverse energy of the jets, ET. Moreover, the produtionmehanism of dijets is very sensitive to the gluon ontent of the dPDFs. It was shownexperimentally that gluons ontribute to a large extent to the latter, thus the dijetsdata give a diret handle on dPDFs. Compared to other di�rative �nal states withsimilar harateristis, like the di�rative prodution of heavy quarks, di�rative jetsbene�t from higher statistis and harder sales. The study of dijets in DDIS an beuseful for the same two reasons mentioned above: it is a stringent benhmark for thefatorisation theorem and an be used to onstrain the dPDFs in kinemati regionswhere the inlusive DDIS data have no sensitivity.Experimentally, the main hallenge of this analysis is the seletion of di�rativeevents whih is dereased in statistis ompared to the standard dijet prodution. Thedi�rative seletion is arried out by requiring the presene of a LRG in the diretion ofthe sattered proton. This requires a very good knowledge of the detetor and a arefulsimulation of the hadronisation proess. Sine the latter is not well known beause ofthe non-perturbative nature of this part of the proess, experimental tehniques nottoo sensitive to it have to be onsidered. In order to inrease the statistial signi�aneof the sample, the thresholds of the jet seletion were lowered. The reliable working ofthe jet lustering algorithm at low transverse energies has to be heked as well as theresolution of the detetor. The unertainties related to the alorimeter tend to inreaseas the energy of the jets dereases, thus experimental methods able to are for that areneeded.The measured data are ompared to Next-to-Leading Order (NLO) QCD alula-tions using the dPDFs extrated from the inlusive DDIS data. The NLO alulationshould desribe the data both in shape and normalisation if the fatorisation theoremis orret. At ZEUS, suh NLO alulation was never performed for dijets in DDISand no dediated programs exist. Thus, the existent programs for QCD alulation inthe standard, non-di�rative ase were adapted to the needs of this analysis. SeveraldPDFs were employed in the alulation. The dijet data an be used as a benhmarkfor disriminating between the di�erent dPDFs sets and seleting the ones better de-sribing the data. The same alulation tools developed in the analysis an then beused to inlude the di�rative dijets data in a ombined �t to the dPDFs togetherwith the inlusive ones. Reent analyses demonstrated the large positive impat onthe dPDFs auray on the inlusion of dijet data.The thesis is organised as follows: Chapter 2 gives an overview on the theoretial



3framework of the analysis, introduing �rst basi QCD onepts and then di�rativephysis in partiular in the framework of ep ollisions. Chapter 3 desribes the experi-mental devie used, the ZEUS detetor at the HERA ollider. Chapter 4 explains howthe physial quantities needed for the analysis were reonstruted from the detetoroutput. Chapter 5 desribes the detetor simulation and the Monte Carlo samplesused to orret the data for detetor aeptane and resolution in addition to the NLOalulations ompared to the measurement. Chapter 6 explains how the �nal sampleof dijets in DDIS was extrated from the initial sample. Chapter 7 presents the resultsof the analysis: the extrated ross setions are ompared to the LO Monte Carlo andto the NLO preditions. Double di�erential data useful for future �ts to the dPDFsare also presented and disussed. Finally, the summary of the analysis and an outlookon possible future developments are given in Chapter 8.





Chapter 2Theoretial frameworkThis hapter provides the basi theoretial knowledge needed for the rest of the the-sis. The �rst part is a general introdution to Quantum Chromo Dynamis (QCD),the theory of strong interations, and other important onepts like the fatorisationtheorem, the parton distribution funtion (PDFs) and the sale evolution of the PDFs.The theory of Deep Inelasti Sattering (DIS) and jet physis is also desribed: this hasbeen one of the most important testing ground of QCD. The seond part of the hapteris foused on di�rative physis. After the desription of the typial features of thedi�rative phenomena, the theoretial motivation for a perturbative QCD desriptionof these proesses is presented. Key issues of the latter are the fatorisation theoremfor di�ration and the di�rative PDFs (dPDFs). The understanding of these two sub-jets an be signi�antly improved by studying the prodution of dijets in di�ration,as explained in the last part of the hapter.2.1 Quantum Chromo DynamisThe strong fore is one of the fundamental interations ating in nature. It is responsi-ble for the existene of all hadrons and, as onsequene, of the nulei that ompose theuniverse. In the Standard Model [1, 2, 3℄ it is desribed by QCD. The main aspetsof the theory are presented, together with the experimental tests of major interest forthis thesis, i.e. DIS and jet physis.2.1.1 The Standard ModelFour fundamental interations are observed in Nature: the strong, the eletromagneti,the weak and the gravitational. The Standard Model (SM) is a �eld theory that pro-vides at present the best understanding that we have of the former three fundamentalinteration. A mehanism to inlude gravitation in the SM is still missing. The SMlagrangian is invariant under SU(3)C � SU(2)L � U(1)Y gauge rotations. The intera-tions between the partiles are mediated by the exhange of vetor bosons. There arefour di�erent types of vetor bosons: gluons (arrier the strong fore), photons (arrierthe eletromagneti fore), W and Z (both mediators of the weak fore).5



6 Theoretial framework 2.0

Figure 2.1: The elementary partiles in the Standard Model.There are 12 fundamental fermions, 6 leptons and 6 quarks. They are grouped infamilies, 3 for the leptons and 3 for the quarks (see Fig. 2.1). Only the quarks arry thestrong interation harge, alled olour, and therefore they are the only ones subjetto this fore [4℄.An additional salar boson, the Higgs boson [5℄, is required by the SM in order togive mass to the vetor bosons and the fermions. It is the last undeteted partile ofthe SM and the searh for it is one of the main goals of the experiments at the LargeHadron Collider (LHC) at CERN [6℄.The atual status of the SM is debated: on one hand every experimental testsupported its preditions at an exellent degree of auray. On the other hand it isknown from theoretial arguments that the SM is an inomplete theory with some learaws, like the hierarhy problem. It is expeted that new physis beyond the SM willmanifest at the high and ompletely new energies probed at the LHC. Many di�erenthypotheses on extensions of the SM have been proposed for solving the theoretiallyunpleasing aspets of the latter, among them supersymmetry, tehniolor and largeextra-dimensions.2.1.2 The Quark-Parton ModelThe onept of more fundamental onstituents of the proton and the other hadronsarose in the 1960's with the development of hadron spetrosopy. The Quark-PartonModel (QPM) is an attempt to redue the omplexity of the observed large numberof hadrons by introduing more fundamental onstituents alled partons [7℄. The ele-trially harged partons are alled quarks while the neutral ones are the gluons. Thelatter are the arriers of the strong fore and will be introdued in Set. 2.1.4. Quarksare point-like fermions that ome in di�erent types (avours). At the time of theirintrodution, only three di�erent types of quarks were onsidered: the up quark, u,



Quantum Chromo Dynamis 2.1 7the down quark, d and the strange quark, s. Nowadays six di�erent quarks have beenexperimentally found. Eah avour has its own mass and eletri harge. The only pos-sible values of the latter being either 23 or �13 . Hadrons are grouped into baryons andmesons ontaining three quarks or a quark-antiquark pair, respetively. The quarksneed to have also an additional quantum number, otherwise hadrons ontaining quarksof the same type would violate the Pauli exlusion priniple. This quantum number isalled olour harge. It an have three di�erent values, de�ned as red, green and blue.In the QPM, the proton is made only of three quarks, two up and one down. They arealled valene quarks and they de�ne the proton quantum numbers and share its totalmomentum.2.1.3 Deep Inelasti SatteringThe QPM was �rst experimentally validated with experiments where a lepton, l, ol-lides against a hadron or a nuleus, N , produing in the �nal state a sattered lepton(not neessarily the inoming one), l0, and a hadroni �nal state, X [8℄. DIS experimentsare experiments of the kind lN ! l0X in the kinemati range of large four-momentumtransferred between lepton and hadron and large invariant mass of the hadroni systemprodued in the ollision. In a referene frame where the proton travels with very highmomentum, the typial time of the interation between the quarks and an externalprobe is muh shorter than the typial time of the interations between the partonsin the proton (impulse approximation). This means that during the sattering proessthe internal struture of the proton is "frozen", and the interation between the quarksan be ignored. We start by de�ning the important kinematial quantities used todesribe this proess.2.1.3.1 DIS KinematisThe inelasti sattering of a lepton o� a proton1 (see Fig. 2.2)lP ! l0Xan be expressed (for two unpolarised beams at �xed entre-of-mass energy) as afuntion of two independent variables 2. In order to have an experiment-independentkinemati desription of the proess, it is favourable to use Lorentz invariants fordesribing the kinematis. We de�ne the following quantities� k, the four-momentum of the inoming lepton. k� = (Ek; ~k), where Ek and ~k arethe energy and the momentum of the inoming lepton, respetively;� p, the four-momentum of the inoming proton. p� = (Ep; ~p), where Ep and ~p arethe energy and the momentum of the inoming proton, respetively;1For onsisteny with the rest of the work presented in the thesis, in the following the word protonis used also for other possible targets.2The number of degrees of freedom of a proess in whih two inoming partiles ollide and n �nalstates are measured is 3n� 4.
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V ∗(q)

l(k) l′(k′)

xBj p

xBj p + q

√
s

W

P (p) Figure 2.2:� k0, the four-momentum of the sattered lepton. k0� = (Ek0 ; ~k0), where Ek0 and ~k0are the energy and the momentum of the sattered lepton, respetively;The entre-of-mass energy squared of the lP ollision3 is denoted as ss = (p+ k)2: (2.1)The interation between the lepton and the proton is mediated by either a photon,, a W or a Z boson4. In general we indiate this vetor boson with V . The four-momentum of the exhanged boson is indiated with q and its value is given byq = k � k0: (2.2)Under the approximation of a massless lepton, kinematis yields the four-momentumsquared of the exhanged bosonq2 ' � 2EkEk0 (1� os�k) (2.3)where �k is the sattering angle between the inoming and the outgoing lepton.Thus q2 is always q2 < 0; this means that the exhanged boson is virtual, i.e. o� itsmass shell. Therefore an asteris is added to the notation of the exhanged boson, V �.3In the following, the natural units will be adopted if not expliitely stated. The use of naturalunits �xes the value of the Plank onstant and the speed of light in the vauum to unity, ~ =  = 1.4If the lepton is a neutrino, the  annot be exhanged beause of harge onservation.
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Proton remnantP (p)

xBj p V ∗(q)

−xBj pFigure 2.3: A shemati piture of a DIS interation as seen in the Breit frame.In order to work only with positive quantities, we de�ne the virtuality of the exhangedboson, Q2, as Q2 = �q2: (2.4)The interation where the hadroni �nal state X is e�etively produed is atuallytaking plae between the proton and the boson. The boson probes the proton with aresolution given by the inverse of the square root of its virtuality. The entre of massof the �p system is denoted by W :W 2 = (p+ q)2 =M2X: (2.5)Of ourse, the invariant mass of the �nal hadroni system, MX, is equal to Wbeause of onservation of the four momentum. An inelasti sattering is haraterisedby the ondition MX >> mp, where mp is the mass of the proton. To resolve anyinternal struture of the proton, the resolution of the probe must be smaller than theproton size (� 1 fm). Thus, the DIS kinematial regime is de�ned by the requirementsQ2 >> 1 GeV2; W >> mp: (2.6)Another Lorentz invariant that an be de�ned is alled inelastiity, y. It is de�nedas y = p � qp � k (2.7)It has an intuitive physial interpretation in the referene frame where the protonis at rest. In this ase Eq. (2.7) beomesy = �Ek = Ek � Ek0Ek (2.8)that is the fration of the energy of the inoming lepton taken by the exhangedboson.The boson in the DIS sattering interats with one of the partons ontained in theproton. In the QPM approximation, the partons move longitudinally along the protondiretion and arry a fration xBj of its total momentum. An easy alulation of xBj an



10 Theoretial framework 2.0be obtained if we move to a partiular referene frame where the quark and the vetorboson ollide head on and V � transfers no energy but arries twie the momentum ofthe quark. Suh a referene frame is alled Breit frame. The DIS sattering in theBreit frame is represented in Fig. 2.3. The inoming quark four-momentum, f , is givenby f� = (xBj p; xBj~p)having negleted the quark mass. The onservation of the four-momentum foresthe sattered quark to have a �nal four-momentum, f 0 equal tof 0� = (xBj p;�xBj~p)Thus the four-momentum of V � in the Breit frame isq� = (0;�2xBj~p) (2.9)giving a virtuality Q2 = �4x2Bj j~pj2: (2.10)On the other hand, the salar produt of p� and q� isp � q = �2xBj j~pj2: (2.11)By diretly omparing Eq. (2.10) and (2.11), one obtains an expression for xBjxBj = Q22 p � q (2.12)whih is a Lorentz invariant and does not depend on the referene frame hosen.The �ve Lorentz invariants presented here are the ones most ommonly used. Theyare related to eah other sine only two of them are independent. Some of the equationsrelating these kinematial quantities are the followingW 2 = Q2 1� xBjxBj (2.13)W 2 = sy �Q2 (2.14)Q2 = s xBj y (2.15)2.1.3.2 Derivation of the DIS ross setion in the QPMOne the kinematis of lepton-hadron sattering is spei�ed, the ross setion for theproess an be alulated. In the following we will onsider the ase of unpolarisedolliding beams and virtualities of the exhanged boson muh lower than the mass of theW and Z bosons, suh that the interation an be approximated by photon exhangeonly. Another ontribution to the ross setion that is negleted in the following is



Quantum Chromo Dynamis 2.1 11the exhange of more than one photon. The latter approximation is supported bythe results of the omparison of the measured DIS ross setions using eletron andpositron beams whih are very similar [3℄.The di�erential ross setion for lP ! l0X as a funtion of �k and Ek0 an beexpressed as ontration of two tensorsd2�d�kdEk0 = � �2mp q4 Ek0Ek L��W �� (2.16)where this expression was alulated in the laboratory (LAB) frame. Here L��represents the leptoni tensor that expresses the EM transition from the initial to the�nal lepton. It is alulable in Quantum EletroDynamis (QED) and is written asL�� = 2[k0�k� + k0�k� � k � k0g��℄ (2.17)In analogy, the hadroni tensor orresponds to the EM transition of the targethadron to all possible �nal states, X. Evaluating its expression is more diÆult thanfor the leptoni tensor and we will limit ourselves to parametrise it in the most generalform ompatible with Lorentz invarianeW�� = Ag�� +Bq�q� + C(q�p� + q�p�) +Dp�p� (2.18)with A;B;C and D being arbitrary oeÆients. This expression an be simpli�edby onsidering the onstraints imposed by the onservation of the EM urrent. Theonventional way to write down the hadroni tensor isW�� = W1(�g�� + q�q�q2 ) + W2m2 (p� � p � qq2 q�)(p� � p � qq2 q�) (2.19)where the oeÆients have been rede�ned asW1 andW2, the struture funtions. Inanalogy to nulear experiments, they ontain the information about the distribution ofthe eletri harge in the hadron. Using the expressions for L�� and W �� in Eq. (2.16),one obtains the ross setion in the LAB frame as a funtion of Ek0 and �kd2�d�dEk0 = � �2EM2E2k sin4 �k2 (2W1 sin2 �k2 +W2 os2 �k2 ) (2.20)It is more onvenient to express Eq. (2.20) in terms of two of the Lorentz invariantsintrodued in Set. 2.1.3.1. We are going to hoose xBj and Q2 for their natural physialinterpretation in a DIS experiment at a ollider. It is also ommon to replae W1 andW2 with by the struture funtions F1 = mpW1 and F2 = �W2 with � = p � q. Aftersome algebra one obtainsd2�dxBjdQ2 = 2� �2EMxBjQ2 (Y+F2(xBj; Q2)� y2FL(xBj; Q2)) (2.21)where we used the de�nitions FL = F2 � 2xF1 and Y+ = 1 + (1 � y)2. In theQPM, FL is negleted sine it is suppressed by heliity onservation. This is knownas Callan-Gross relation. In QCD, higher order terms ontribute to give FL 6= 0 (seeSet. 2.1.4).



12 Theoretial framework 2.02.1.3.3 Remarks on DIS resultsIn the QPM F2 has a very intuitive statistial interpretation expressed by the followingrelation F2(xBj; Q2) = NfXi=1 e2ixBjfi(xBj; Q2) (2.22)where the sum runs over all the quark avours, ei is the eletrial harge (in unitsof the eletron harge) of the quark of avour i and fi(xBj; Q2) are funtions alledparton distribution funtions (PDFs) or also parton densities. The PDFs express thelassial probability to �nd in the proton a parton arrying a fration xBj of the totalproton momentum.It was notied sine the �rst DIS experimets at SLAC at the end of the 1960'sthat the dependene of F2 on Q2 was very weak in the phase spae region probed (seeFig. 2.4) [9℄. This an be understood onsidering that the quarks whih are e�etivelyinterating with the � are point-like. As Q2 inreases, the distanes probed by the� derease. In the DIS regime one an study the internal struture of the proton.But sine there is no internal struture of the quark, there is no hange in inreasingthe resolution of the probe. The quark will appear always the same to the photon.This independene from Q2 is known as sale invariane. In the next hapter it willbe shown that violations of the sale invariane are expeted, the struture funtionshaving a weak logarithmi dependene on Q2.

Figure 2.4: The weak dependene on Q2 of the inealsiti ross setion measured by theSLAC experiment. The same measurement taken at di�erent values of W is presentedwith di�erent markers (from [9℄).



Quantum Chromo Dynamis 2.1 13Although the QPM was able to motivate the results of the �rst DIS experiments,many problems still laked a solution. Under the hypothesis that only quarks werepresent in the proton, the onservation of the momentum implies thatNfXi=1 Z 10 xfi(x)dx = 1 (2.23)Instead the above integral is measured to be � 0:5. About one half of the protonmomentum an not be diretly deteted in DIS experiments. This problem, togetherwith the absene of detetion of free quarks outside of the hadrons, stimulated thedevelopment of an extension of the QPM able to justify these experimental fats. Thisis ahieved by means of the QCD theory.2.1.4 Quantum Chromo DynamisQCD is the �eld theory that desribes the strong interation in the SM. The QCD la-grangian is gauge invariant like the QED one, just the gauge symmetry group hanges5.The QCD lagrangian is invariant under loal SU(3) gauge transformations. The non-Abelian struture of the group is the peuliar aspet of QCD. It implies that there arethree possible harge-states (olours) for the partiles subjet to the strong interation(i.e. the quarks), as many as the dimension of the adjoint representation of the gaugegroup. Moreover, the non-Abelian nature of SU(3) implies that, di�erent to the QEDase, also the gluons, the vetor bosons that arry the fore, an be in di�erent olourstates. There an be as many as the dimension of the fundamental representation ofSU(3), i.e. they an assume 8 di�erent olour state. The lagrangian determines thedynamial properties of the interation and allows to �x the Feynman rules for it. Theset of Feynman rules an be found in Refs. [2, 3, 10℄. Like in QED, the strength ofthe oupling between oloured partiles is given by a onstant, �S, the strong ouplingonstant.QCD has two main peuliar properties� Asymptoti freedom. The oupling onstant dereases at short distanes whileit inreases at large distanes. This means that at small length sales (i.e. largemomentum transfer) the partiles interat very weakly, as assumed in the QPMmodel. This allows to use perturbation theory for the alulations in the properkinematial range.� Con�nement. No free oloured partiles exists in nature. This property was de-dued from the non-observation of oloured objets. Only partiles whih areolour singlets an be observed while the oloured partons are on�ned in thehadrons. This an be justi�ed qualitatively from asymptoti freedom. As aquark and an antiquark get further from eah other, the olour �eld beomesstronger and stronger until it is more favourable from the energeti point of viewto reate a new quark-antiquark pair that will bound to the former two reating5We refer to Refs. [2, 3, 10℄ for a detailed desription of the QCD lagrangian.
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Figure 2.5: A shemati representation of the proton one that QCD is onsidered.two hadrons. As it will be shown in the following, there are quantitative argu-ments that motivate asymptoti freedom. However, no rigorous demonstration isnowadays known for on�nement.The big di�erene introdued by QCD in the QPM piture is that now the partonsin the proton an interat between themselves. The proton has beome a dynamialobjet whose internal struture has a ontinous development (see Fig. 2.5).Preditions for the physial quantities an be alulated with the Feynman rules ina perturbation expansion in orders of �S. As for the QED ase, there are divergeniesin these alulations that have to be �xed in order to have �nite and meaningfulpreditions. These divergenies are of di�erent types: infrared and ultraviolet. Theformer omes from terms of the perturbative expansion in whih a parton radiatesa massless parton at very low angles, (ollinear singularity) or at very low energies(infrared singularity).The ultraviolet divergenies show up in higher order terms of the perturbativeseries, where loop diagrams introdue in the expression of the amplitude logarithmiallydivergent terms like Z 10 dk2k2 �m2 + i"where m is the mass of the partile exhanged in the loop and k its four-momentum.Examples of ultraviolet divergent diagrams at Next-to-Leading Order (NLO) in QCD(i.e. terms of the series proportional to �2S) are displayed in Fig. 2.6b and .These divergenies an be kept under ontrol through a renormalisation proedure.A more detailed and rigorous desription of the proedure followed to renormalise theQCD theory an be found in Refs. [3, 8℄. In the following a few remarks about themost important features of the subjet are mentioned 6. The basi onept behindrenormalisation is to rede�ne the parameters of the theory in suh a way that the newexpression of the perturbative series do not ontain anymore the divergent integrals.6The brief introdution to renormalisation presented here follows losely the one in Ref. [11℄
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Figure 2.6: Feynman diagrams of a quark-quark QCD interation at the (a) LO and (band ) NL. The plot (b) has an internal quark loop while plot () has a internal gluonloop. (right) gluon loops.Negleting the quark masses, the only free parameter of QCD is �0 = g2=4�, whereg is the strenght of the oupling in the lagrangian. So we an write the value of ageneri observable7, F (x), depending on a set of oordinates x, as a perturbative seriesin powers of �0 F (x) = �0 + �20 F1(x) + �30 F2(x) + :::: (2.24)The problem is that the terms of the series, Fi, are divergent and make the al-ulation impossible. First the Fi need to be regularised. This means that we have tointrodue a new set of funtions Fi;�, related to the Fi, suh that they are �nite forany �nite value of the parameter �, alled regulator. The regularised funtions tend tothe former Fi in the limit for �!1 and only at the very end of the alulation thislimit is taken. This allows to perform the renormalisation proedure with well-de�nedfuntions. The pratial relation between Fi and Fi;� is alled regularisation sheme.Several shems are possible, eah with its own advantages and drawbaks. A possiblehoie an be to insert a ut-o� � at the upper limit of the integral (5). A very famousregularisation sheme is the dimensional regularisation proposed by t'Hooft and Velt-man in the 1970's. The relevant thing is that the �nal result of the alulation does notdepend on the hoie of the regularisation sheme, although the intermediate resultswill. The ruial observation is that sine there is only one parameter for the theory,one measurement of F (x) is enough to speify the theory itself. So we an de�ne anew parameter �S(�R), funtion of a sale �R, alled renormalisation sale. The new�S(�R) replaes �0. We an rewrite the power series in terms of �(�R) and Fi;� andperform a measurement of the observable F at a given value �0 of �R, in order to �xthe value of �S(�0). After these steps in the renormalisation of QCD, the terms in theperturbative series are well-behaved and we an take the limit for � suh to restore theinitial, � independent situation. Therefore, at the prie of doing a measurement at agiven point that we use as input, we are able to perform preditions at any other values7An example ould be the ross setion for a given QCD proess.



16 Theoretial framework 2.0of the kinemati variables. It is important to stress that �S(�R) is the physial quantityrelevant in the proess under study. While �0 is the bare oupling appearing in theQCD lagrangian, �S(�R) is the e�etive strength of the oupling between the partonsafter all the ontributions at any order have been taken in aount. Of ourse, sinewhat we did was at the end just a reparametrisation, the divergenes did not reallyanel out, they are still somewhere. Indeed, they have been just moved in the relationbetween �0 and �S(�R) and now �0 ! 1 when the limit for � is taken, but this isnot thought to be worrying sine �0 is not a physial and observable quantity. Therenormalisation proedure skethed here is used not only in QCD but also in QED,basially in the same fashion. In both ases, an important onsequene is that theoupling onstant now depends on the value of �R hosen for the proess. The hoieof �R is arbitrary and the physial quantity should not depend on it. This is imposedwith the renormalisation group equation (RGE)�2R dd�2RF = 0 (2.25)Sine F an be expressed in power series of �S(�R), the above equation sets aonstraint on the �R�dependene of �S too. We an de�ne the variable �(�S) as�(�S) = �2R ��S��2R : (2.26)If the sale hanges from a value �1 to a value �2, �S will hange in suh a way thatthe physial quantity F will stay onstant (running oupling onstant). Integratingover the range (�1; �2) the de�nition (2.26) gives the relation between the hange of�R and �S ln��2R�20 � = Z �S(�2R)�S(�20) d��(�) : (2.27)The exat nature of the dependene of � on �R is alulable in perturbative series�(�S) = �b0 �2S � b1 �3S � b2 �4S + :::and depends, at a �xed order, on all the possible ontributions to the loop diagramslike those in Fig. 2.6. The peuliar thing that distinguishes QCD from QED, is thepresene of gluon loops. This is ultimately related to the non-Abelian gauge strutureof QCD that auses the vetor bosons to have olour harge, while in QED the photonis eletrially neutral. Beause the gluons are spin-1 partiles, the loop diagrams on-tribute to the sattering amplitude with opposite sign ompared to the quark loops.While the fermioni loops strenghten the oupling onstant with inreasing sale, thegluon ones weaken it. The net e�et depends by the number of possible avours ofquarks that an ontribute to the total. In the spei� ase of QCD, at lowest order�S(�R) = �S(�20)1 + �S(�20) 33�2Nf12� ln(�2R = �20)
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αs(MZ)Figure 2.7: A olletion of results of �S measurements: (left) the running of �S mea-sured by the H1 and ZEUS ollaborations, (right) a ompilation of �S(MZ) measure-ments by the ZEUS Collaboration using di�erent experimental methods together withthe world average (from [13℄).where Nf is the number of avours. If Nf = 6, as presently believed, the strongoupling onstant dereases as the sale �R inreases. This an be seen as a quantitativeproof of the asymptoti freedom.As said above, the �nal result must be independent of the regularisation shemeadopted. It should also be independent of the hoie of the renormalisation sale, whihis not a physial parameter. But these onsiderations are valid only if one onsiders thewhole perturbation series. The parts of the alulation depending on the regularisationsheme and the renormalisation sale anel in a omplex way between di�erent termsof the series. If one does not onsider all the terms, some residual ontribution do nothave a ounterpart that anel them. Pratially, the QCD alulations are done upto the NLO level, in a few ases to the Next-to-NLO level. This means that a saledependene is always left and one must speify both in whih sheme the alulationwas arried out and at whih sale the renormalisation was done.The experimental tests have given in the last deades a strong support to the QCDtheory [12℄. The running of �S is niely proven by the experimental measurements (seeFig. 2.7) [12, 13℄.2.1.5 Parton Distribution Funtions and DGLAP evolutionAs mentioned in Set. 2.1.3.3, in the QPM parton densities (PDFs), fi(x), express theprobability to �nd a parton of avour i arrying a fration x of the proton momentum.In the QPM, only quarks are onsidered in the PDFs and there is no dependene ofthe PDFs on the energy sale of the �p interation. QCD hanges dramatially this
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Figure 2.8: The virtual photon emitted by the eletron has a spatial resolution of �1=pQ2. As Q2 inreases from (a) to (), the photon is able to resolve more andmore partons generated dynamially by the QCD �eld. This leads to a di�erent protoninternal struture for di�erent Q2 values.senario. Now the quarks interat one with eah other exhanging gluons. Moreover,the gluons in the proton an reate a quark-antiquark virtual pair. The quarks reateddynamially in this way are alled sea quarks. Sea quarks an reate more gluons andmore sea quarks. The gluons and sea quarks arry a fration of the proton momentumtoo, so they have to be onsidered in the PDFs. Having negleted them is the reasonwhy the experimental results seemed to violate the momentum sum rule (2.23).This ontinous reation and annihilation of gluons and sea quarks introdues a saledependene of the PDFs and the struture funtions. The qualitative explanation forthat an be understood with the help of Fig. 2.8. The spatial resolution of the � isof the order 1 =pQ2. For an initial low value of Q2, Q20, the photon is able to resolveonly a ertain PDF f(x;Q20). As the virtuality inreases, the photon "sees" more andmore gluons and partons emitted from the former quark. Therefore the momentumof the former quark seen at Q20 now is shared between many other partons and thephoton will interat with one of them. The net e�et will be that one will observemore low-x partons and less high-x partons as Q2 inreases. This Q2 dependene isknown as saling violation and is a peuliar QCD e�et.The analytial treatment of the saling violations an be done in the pQCD frame-work but needs some are. When alulating the ross setions for QCD proesses oneenounters infrared divergenes aused by the emission of soft and ollinear gluons andquarks. The ollinear emissions introdue in the ross setion alulation logarithmi-ally divergent terms Z p2T;max0 dp2Tp2Twhere p2T;max = Q2(1�z)4z and z = x0=x1 is the fration of the initial parton momentumtaken by the outgoing quark. The solution for that is to introdue a lower ut-o� in



Quantum Chromo Dynamis 2.1 19the integration, �, and a term ln(Q2 (1� z)� z ) appears in the ross setion formula.In order to have results independent of this arbitrary ut-o�, a proedure similar tothe one used for renormalising the theory is arried out. This proedure is alledollinear fatorisation (see Ref. [10℄ for a review). A (ollinear) fatorisation sale,�F >> �, is introdued to separate the proess into a hard, short-distane part and asoft, long-distane and non-perturbative one. The latter is desribed with the partondensities. The infrared divergenes are moved inside the PDFs whih also aquire a Q2dependene, as disussed qualitatively above. As for the renormalisation proedure, theway this reparametrisation is done is arbitrary and the �nal preditions of the physialquantities should not depend on it. Two very ommon presriptions for fatorising theinfrared divergenes are the MS and the DIS shemes. The former tries to move insidethe PDFs as few terms as possible. Conversely, the latter moves inside the PDFs asmany as possible.The statement that it is possible to fatorise the QCD proess into a short- anda distant-range part with the proedure just skethed is known as QCD fatorisationtheorem. The demonstration of the QCD fatorisation theorem for di�rative DIS [14℄ isa omplex issue beyond the sope of this thesis and we omment only on its results. Theonsequenes of the fatorisation theorem make the preditiveness of QCD extremelypowerful. The short-range part of the proess is the one ontaining the hard-sale (i.e.high-energy) subproess between the partiles that atually interat. For instane, inthe DIS ase this is the partoni ross setion for the photon-quark ollision. This hardsattering ross setion is alulable in QCD by means of perturbative expansion inpowers of �S whih is small beause of the property of asymptoti freedom of QCD (seeSet. 2.1.4). The long-range (hene non-perturbative) omponent is identi�ed with theparton densities. A ruial aspet of the fatorisation theorem is that it states that thePDFs are universal, i.e. they depend only on the hadron type and not on the kind ofproess onsidered in the alulation. One an use the same PDFs at di�erent ollidersand for di�erent �nal states. This universality is one of the most appealing aspets ofthe PDFs. Notie that although stritly related to the PDFs (as in Eq. (2.22)), thestruture funtions are not equivalent to the PDFs for this reason, i.e. they are notuniversal but depend upon the proess studied.Thanks to the fatorisation theorem, the di�erential ross setion an be expressedwith the following formula��(x;Q2) = Xi=q;�q;g Z�Q2 dQ2 Z�x d� �̂�x;Q2; �2F�2R ; �S(�2R)� fi(�; Q2;�2F ; �2R) (2.28)and is visually represented in Fig. 2.9. Notie that in order to fatorise the rosssetion we need to speify the separation between what is soft and what is hard. Thisis done setting the fatorisation sale, �F . It is important to stress that the validityof the theorem relies on approximations. The main one is to ignore higher-twist QCDterms in the proess amplitude. Higher-twist terms are higher-order ontributions to
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Figure 2.9: A shemati representation of the QCD fatorisation in DIS proesses. Theinteration between � and p is fatorised in a soft part (the PDFs, fi) ontaining theinfrared divergenes, typial of the p but proess-independent and a hard part, proess-dependent, alulable in pQCD (�̂). The separation between soft and hard is set by thefatorisation sale, �F (adapted from [8℄).the struture funtions. The struture funtions an be expanded in series of 1Q2F2(xBj; Q2) =Xn Bn(xBj; Q2)� 1Q2�nwhere for large Q2 onsidering the leading term n = 0 (leading-twist) is a goodapproximation. Nonetheless higher-twist terms exist and they are not overed by thefatorisation theorem.In the fatorisation proedure, only the largest terms are onsidered and resummedover all orders, namely the ones proportional to �nS ln(Q2)n. This approximation isalled leading logarithm approximation (LLA). It is interesting to remark that this ap-proximation implies a strong ordering in the transverse momentum, pT , of the partonsemitted before the hard interation.In Fig. 2.10 a omplex diagram with many emissions is shown. The LLA imposesthat the transverse momentum of the partons inreases after eah emission up to thevalue of the hard sale of the proess.�2 � p2T; 1 � p2T; 2 � ::: � p2T;n�1 � p2T < Q2while the fration of x arried by the subsequent emissions dereases
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Figure 2.10: Higher order ontributions to �q ! qX.
x 1 < x 2 < :::x n�1 < x:The Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution [15, 16℄ usesthe LLA for desribing analytially the dynamial internal struture of the hadrons.The Q2 evolution of the PDF is formally desribed by the "Altarelli-Parisi" equations[16℄ dqi(x;Q2)d lnQ2 = �S(Q2)2 � Z 1x dyy �qi(y;Q2)Pqq(x=y) + g(y;Q2)Pqg(x=y)�dgi(x;Q2)d lnQ2 = �S(Q2)2 � Z 1x dyy "Xi qi(y;Q2)Pgq(x=y) + g(y;Q2)Pgg(x=y)# (2.29)

where the splitting funtions, Pij(z), represent the probability that a parton of typej (either a quark or a gluon), arrying an initial momentum xP , emits a parton iarrying a fration z of its momentum (see Fig. 2.11).The analyti expressions for the LO splitting funtions shown in Fig. 2.11 are thefollowing
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Pqq(z) = 43 1 + z21� zPqg(z) = 12 [z2 + (1� z)2℄Pgq(z) = Pqq(1� z) = 43 1 + (1� z)2zPgg(z) = 6 � z1� z + 1� zz + z(1� z)�Although perturbative QCD is not able to alulate the PDFs a priori, thanksto the DGLAP evolution one is able to predit the value of the PDFs over a largekinemati region one their value at a point in Q2 is given. But one has to be arefulin their use beause they rely on the LLA approximation whih is not everywherevalid. In fat at low x, ln(1=x) terms beome important and should not be exludedanymore as done in the LLA. In a moderately low x region the double leading logarithmapproximation (DLLA) presribes how to sum leading terms in ln(1=xBj) when theyappear in the alulation aompanied by leading terms in ln(1=Q2). The steep riseof F2 at low xBj suggests that even the DLLA is not enough. This has led to anothermodel for the evolution of the PDFs proposed initially by Balitzky, Fadin, Kuraev andLipatov (BFKL) [18℄. The BFKL evolution equations sum leading terms in ln(1=x),independently of their lnQ2 dependene. The strong ordering in pT of the DGLAPevolution is lost ("random pT walk") in the BFKL evolution.Beause of the QCD on�nement, a oloured partile like a quark or a gluon an-not propagate freely after the interation. Rather it will tend to radiate other par-tons and, �nally, to merge with other partons in order to form a olourless hadron.This proess is alled hadronisation and is a predominantly non-perturbative proesswhih is desribed exploiting one again ollinear fatorisation in a fashion similarto the PDFs. The hard subproess is fatorised from the hadronisation proess ata sale � that is usually hosen for onveniene equal to the fatorisation sale �F .The non-perturbative, infrared divergent part is desribed by fragmentation funtions,Dh=i(z;�), the probability that a parton of type i hadronises into a hadron of type h,
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Figure 2.12: A olletion of measurements of the F2 struture funtion from severalexperiments (markers). F2 is presented as a funtion of xBj in di�erent bins of Q2 andis ompared to the NLO predition using the DGLAP evolution. The saling violationsare learly visible as a hange of the steepness at low and high xBj as Q2 inreases(from [17℄).
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Figure 2.13: The urves represent the PDFs, f , multiplied by x for di�erent kind ofpartons as extrated by the ZEUS ollaboration. The PDFs are presented at a �xedvalue of Q2 = 10 GeV 2 as a funtion of xBj (from [17℄).the latter arrying a fration z of the initial parton momentum. Hene the physialmeaning of the fragmentation funtions is strongly related to the parton densities.2.1.6 Saturation modelIn the previous desription of the DIS proesses, we worked in a referene frame wherethe proton moves very fast. The same proess an be seen from a di�erent and omple-mentary point of view, the olour dipole model [8, 19℄. In the olour dipole model, theinteration is studied in a referene frame where the proton is at rest. In this ase thephoton splits into a q�q pair (dipole) far upstream the target. The transverse separationof the q�q pair, r, is proportional to 1=pQ2. The life time of the dipole is proportionalto 1=xBj and muh longer than the interation time. Thus, the transverse size of thedipole does not hange during the proess. The interation itself is between the protonand the dipole, as depited in Fig.2.14. A theoretial model of partiular suess indesribing the measured inlusive DIS data is the saturation model, originally proposedby Gole-Biernat and W�ustho� [20℄. The �p interation an hene be fatorised intotwo parts: �rst the photon splits into a dipole of radius r where the (anti-)quark arriesa fration z (1 � z) of the initial photon momentum. Then the dipole interats withthe proton. The e�etive dipole-proton ross setion is indiated by �̂ and depends onxBj and r. Thus the �p ross setion an be written as�T;L(xBj; Q2) = Z d2r Z 10 dzj	T;L(z; r)j2�̂(xBj; r2) (2.30)
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Figure 2.14: Shemati piture of the �p DIS sattering in the saturation model.where the indies T and L refer to transversely and longitudinally polarised photons,respetively, and 	T;L(z; r) is the squared photon wave funtion. The dynamis of theproess is de�ned by the e�etive dipole ross setion. Di�erent hoies for �̂ an bemade. The saturation model hooses the following simple expression�̂(x; r2) = �0"1� exp�� r24R20(x)�# (2.31)where �0 is a normalisation fator and the quantity R0 is an xBj�dependent satu-ration sale. The parametrisation for R0 isR0(x) = 1GeV � xx0��=2 : (2.32)The parameters �0, x0 and � are not given by the theory and need to be extratedfrom the experimental data. With the de�nitions (2.31) and (2.32), one ensures that the�nal ross setion is proportional to r2 for small r (olour transpareny) and approahesasymptotially a onstant value for large r (saturation). The saturation regime setsup when r � 2R0. The density of partons in the proton inreases with xBj as seenin Set. 2.1.5. This inreases the total ross setion sine the number of satteringtargets inreases. However, if this density beomes higher than the photon resolution(i.e. the dipole radius), further inreases of it do not ause more interations and theross setion saturates. Thus, the proess is determined by the ratio between r andR0, the former being inversely proportional to the square root of the photon virtuality.The dipole ross setion depends only on the quantity � = Q2R20(x). The invarianeof the ross setion at �xed values of � is known as geometri saling [21, 22℄ and isexperimentally niely demonstrated at HERA (see Fig. 2.15).
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Figure 2.15: The ross setion for �p sattering measured at HERA as a funtion ofthe saling variable � = Q2R20(xBj). The measurement is presented for xBj < 0:01 and0:045 < Q2 < 450GeV 2 (from [22℄).2.1.7 Jet physisBeause of the on�nement property of QCD , free partons an not be observed inNature. This makes a diret study of the �nal state produts of the strong interationproess impossible. Within the typial time sale of the strong interation (� 10�24 s)the partons reate hadrons in a omplex and non-perturbative proess of merging (thehadronisation desribed in Set. 2.1.5). These �nal hadrons are the partiles atuallydeteted by the experiment.The key feature is that if the hadrons origin from a high pT parton they will onen-trate in a ollimated angular region around the diretion of the former parton. These"sprays" of hadrons are labeled as jets and are one of the main tools for studyingQCD dynamis [23℄. The kinematis of the hadroni system in the jet are the sameas of the initial parton, thus they are the onnetion between the interation and theobservation. In order to make this onnetion in a reliable way, the jet kinematis mustbe measured with as little bias as possible. This means not only to measure auratelythe kinematial properties of the single hadrons emerging from the interation but alsomerging them in the right way and reonstruting the resulting jet kinematis in anunbiased way with respet to the initial parton. Moreover, the jet must be infraredsafe, i.e. the outome must be insensitive to the emission of ollinear or soft partonsprodued in higher-order QCD proesses.There are several jet algorithms suitable for QCD studies. They all exploit thenotion that the partiles belonging to the same jet should be lose to eah other inphase spae. Cone algorithms [24, 25, 26℄ merge partiles whih are geometrially lose



Quantum Chromo Dynamis 2.1 27to eah other. The basi strategy of the algorithm is to de�ne seeds, partiles with atransverse energy ET higher than a ertain threshold ET;ut and to merge in the samejet all the partiles inside a one of radius Rut around the seed. This algorithm isinlusive, i.e. not all the partiles are assigned to a jet. In pp ollisions this allows thetreatment of the proton remnant. Cone algorithms are still used a lot thanks to theirease of implementation although theoretial issues a�et it. Modi�ations to the onealgorithm have been proposed in order to improve this [27℄.Other algorithms merge the partiles aording to their momenta rather than theirdiretions. The JADE algorithm [28℄ de�nes for eah pair of partiles, i and j, adistane, mij m2ij = 2EiEj(1� os�ij)where Ei and Ej are the energies of the i�th and the j�th partile respetively and�ij is the polar angle between them. In other words, the distane mij is the invariantmass squared of the system made by the two partiles. The partiles are merged in ajet only if this invariant mass is lower than a ertain threshold, M2ut = yutM2, whereyut is a resolution parameter and M2 a referene mass. Di�erently from the onealgorithm, with the JADE algorithm all the partiles in the event are assigned to a jet,making problemati the treatment of the proton remnant.The kT�algorithm is similar to the JADE algorithm to some extent. In this asethe distane between two partiles, kT;ij, is the transverse momentum of one relativeto the other k2T;ij = 2(1� os�ij)minfE2i ; E2j g (2.33)The treatment of the beam remnant is implemented in the kT�algorithm by de�ninganother parameter, kT;iP, whih de�nes the transverse energy of the i�th partilerelative to the beam axis k2T;iP = 2(1� os�iP )E2i (2.34)where �iP is the polar angle between the partile i and the inoming proton beamdiretion. For eah iteration of the algorithm, the minimum of all the fkT;ij; kT;iPgis taken and tested against a threshold EminT . If the smallest value is lower thanthe threshold, the partile is merged either to its losest neighbour (if kT;ij was thesmallest value) or to the beam remnant (if kT;iP was the smallest). The presriptionfor ombining two partiles forming a new "pseudo-partile" is given by a reombinationsheme. Several shemes are valid for the jet reonstrution. The proedure is iterateduntil only objets with distanes above the threshold are left.The longitudinally invariant kT algorithm [29, 30℄ ombines the advantages of theone and the kT algortihm. The de�nition of the distane between two partiles is dif-ferent from Eq. (2.33) as well the beam distane de�nition is di�erent from Eq. (2.34).The longitudinally invariant kT algorithm is the one used in this analysis and is de-sribed in more detail in Set. 4.2.5 together with the hoie of the reombinationsheme.The study of jets an give a signi�ant ontribution to the test and understandingof QCD. A milestone was the experimental disovery of the gluons at the e+e� PETRA
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Figure 2.16: Two examples of jet measurements. The left-hand plot (a) shows themeasurement of the di�erential ross setion for dijet prodution in ep ollisions as afuntion of the virtuality of the exhanged photon, Q2. The measurement was performedby the ZEUS ollaboration and is ompared to the several NLO preditions di�ering forthe hoie of the renormalisation sale (from [37℄). The right-hand plot shows themeasurement of the di�erential ross setion for dijet prodution in p�p ollisions as afuntion of the transverse momentum of the jet, pT , in di�erent bins of rapidity, Y .The measurement was performed by the CDF ollaboration and is ompared to the NLOpredition.
ollider through the study of three-jets oplanarity [31℄. More generally, jets give theopportunity to test preditions in a kinemati regime where QCD is expeted to work.For example, the NLO QCD preditions of the jet di�erential ross setion are presentedin Fig. 2.16a, showing the high degree of preision of the theory over a wide phase spae.Another possible test of QCD with jets is the study of the azimuthal asymmetries inevents with two or more jets (dijet prodution) [32℄. Jets are also used as inputs for�ts to the parameters of the theory. There are several methods for estimating thevalue of �S from jets. It an be done by measuring the ratio of the yields for dijetsand trijets [33, 34℄ or from the study of the internal substruture of jets [35℄. Thesequantities are determined essentially by parton radiation whih depends on the valueof the strong oupling onstant. Moreover, jets an be ombined with inlusive DISdata in order to better onstrain the PDFs [36℄. The redution of the parton densitiesunertainties, espeially for the gluon, is sizeable and indiates one again the powerof this experimental tool for QCD studies.



Di�ration in strong interations 2.2 292.2 Di�ration in strong interationsSine the 1960's, the existene of a subset of strong interation proesses with verypeuliar harateristis alled di�ration is known [39℄. Di�ration was observed in ppollisions before the birth of QCD and models like Regge phenomenology [40, 41℄ weredeveloped in order to inlude the e�ets of di�ration in the observed measurements.Although QCD is used for desribing the strong interations sine more than twentyyears, di�ration was hard to �t in this framework beause of its intrinsial soft andnon-perturbative nature. A possible way to study di�ration in the QCD frameworkis to require the presene of a hard sale in the di�rative proess, given by e.g. theexhange of a high virtuality boson, jets or heavy quarks. The QCD theory an beremarkably boosted by the study of di�rative proesses: the simultaneous presene ofa soft and a hard sale allows to test the border line between perturbative and non-perturbative proesses in a more sophistiated fashion. Di�ration onentrates in thelow-x region and the omplex dynamis of this still not well-known kinemati regionan be studied in detail.2.2.1 Soft di�rationIn the early experiments of pp ollisions in the 1970's, a surprising feature of the dataobserved was the slow rise of the total ross setion, �tot, as a funtion of s (�totwas expeted to saturate at a ertain energy). It was also notied that the elastiross setion exhibithed a partiular behaviour as a funtion of t, the four-momentumtransferred squared at the proton vertex de�ned ast = (p0 � p)2 (2.35)where it should be noted that t assumes negative values. In Fig. 2.17 this trend is shown:a peak around jtj � 0 (the di�rative peak) followed by an exponential derease,d�eldt = a eb twhere a and b are two parameters. A subsequent minimum followed by a seondarymaximum is observed. A partiular feature of the t�distribution of the pp data alsoshown in Fig. 2.17 is the shrinkage of the width of the di�rative peak (i.e. the inreaseof b) with the inrease of the energy.In times predating the birth of the QCD, models like Regge phenomenology wereused to interprete these results8. In a Yukawa-model approah, an interation is medi-ated by the exhange in the t�hannel of an objet with mass squared m2 = t betweenthe two olliding partiles. For a given hadroni reation, only spei� partiles anbe exhanged in order to onserve all the relevant quantum numbers. For example, inthe reation ��p ! �0n, only the �, a2 and f6 mesons an be exhanged. Remark-ably, the relation between mass squared and spin onnets these partiles, as shown in8For an extensive review on the subjet of Regge phenomenology the reader is referred to Refs. [41,43℄
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Figure 2.17: The di�erential ross setion as a funtion of t in pp elasti ollisionsfor di�erent values of the entre-of-mass energy squared, s. In ase of �xed targetexperiments measurements, the momentum of the inoming proton beam, P , is given(from [42℄).Fig. 2.18. The straight line on whih the mesons lie is alled a Regge trajetory. Thesame property is valid for the other mesons and other Regge trajetories are shown inFig. 2.18.Regge phenomenology onnets the asymptoti high-energy behaviour of the rosssetion to the singularities in the omplex angular momentum of the partial wave am-plitudes in the rossed hannel. By analytially ontinuing the partial wave expansionto omplex values of the angular momentum, one an realize that, beause of verygeneri properties like unitarity, analytiity and rossing, the asymptoti high-energybehaviour of the ross setion is onneted to the singularities in the rossed t-hannelthat arise in the alulation. Rather than the exhange of a partile like in the Yukawamodel, Regge phenomenology onsiders the olletive e�et of the exhange of all themesons belonging to the same Regge trajetory. The trajetory an be parametrisedas J = �(t) = �(0) + �0 t (2.36)where �(0) and �0 are the interept and the slope of the trajetory9 (see Fig. 2.18).The Regge trajetories for mesons are alled reggeons and the typial values for theirparameters are �(0) � 0:5 and �0 � 1GeV�2. Only trajetories with the properquantum numbers an ontribute to a given reation. For example the elasti ��pproess reeives ontributions only from the �, the f2 and the IP trajetories (the9Although this parametrisation is expeted to be valid only for small values of jtj, it is experimen-tally seen to hold up to jtj � 5� 6GeV2.
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Figure 2.18: The orrelation between the squared mass and the spin of several mesons.Mesons belonging to the same Regge trajetory lie on the same straight line. The Reggetrajetories of the �, !, f2 and a2 are degenerate and superimpose.latter will be introdued later in this setion). The ross setion for elasti interationof hadrons A and B at high entre of mass energy, s, and �xed t is then predited tobe d�ABeldt =Xk �2Ak(t)�2Bk(t)16� s2�k(t)�2 (2.37)where the sum runs over all the allowed trajetories and the funtions � are alledresidue funtions and express the oupling between the k�th trajetory and the hadronA (B). Considering Eq. (2.36), one an de�ne the slope parameter b = b0 + 2�0 ln(s)and rewrite Eq. (2.37) d�ABeldt =Xk �2Ak(t)�2Bk(t)16� s2�(0)�2 exp(bt) (2.38)showing that Regge phenomenology predits the shrinkage of the forward peak asseen in the data10. The total ross setion is related to the elasti via the optialtheorem and an be written as�ABrmtot =Xk �Ak(0)�Bk(0)s�k(0)�1 (2.39)10This shrinkage is at the end a onsequene of the limit for high s and �xed t at the base ofRegge theory. Considering the two olliding hadrons, A and B, as massless and using the de�nitionin Eq. (2.35), one an write t as t � �2EAEB(1 � os�) where EA and EB are the energies of thehadrons and � the sattering angle. As s inreases, the only way for t to stay onstant is that � mustbeome smaller and smaller, i.e. loser and loser to the forward diretion.
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Figure 2.19: Total and elasti ross setion in (upper plot) pp and (lower plot) �ppinterations. From Ref. [12℄.
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YFigure 2.20: Shemati diagrams for (a) elasti, (b) single di�rative and () doubledi�rative pp ollisions.It was notied that the slow rise of the total ross setion ould not be desribedwith the known trajetories using the known mesons (see Fig. 2.19). Sine the interept�(0) has approximately the same value of 0:5 for all the mesoni trajetories, thiswould ause a derease of the total ross seetion. This indued the introdution ofa new trajetory, the pomeron (IP ), that dominates at high energies [44℄. Aordingto a generally aepted �t to the total ross setions for di�erent proesses [45℄, theinterept of the pomeron is higher than in the ase of the mesoni trajetories (�IP (0) =1:08) and the slope is �0IP0:25GeV�2. The peuliar property of the IP is to arry noquantum numbers but for the spin and the parity (equivalently said, the IP arriesthe vauum quantum numbers). Within the Regge theory, di�ration is that lass ofproesses in whih a IP is exhanged between the interating partiles although it isimportant to stress that the IP must not be misunderstood as a real partile. More ingeneral, the most valid de�nition from the theoretial point of view is that di�ration isthe dominant high-energy proess when no quantum numbers are exhanged betweenthe interating partiles. Using this de�nition we an inlude among the di�rativeproesses also the ones having one or both protons dissoiating in a low-mass resonantstate (single and double dissoiation proesses, see Fig. 2.20), typially of the order of2� 3 GeV.The two features of di�rative events mentioned above, the exhange of the vauumquantum numbers and the slight perturbation that the inoming hadron undergo, implyvery spei� experimental signatures that are exploited experimentally for tagging anevent as di�rative (see Set. 2.2.3). The inoming hadron in a di�rative proess aneither stay intat or dissoiate in a low-mass state: in the former ase and in mostevents of the latter, the outgoing hadron will esape in the beam pipe hole leaving nosignal in the entral detetor. A typial experimental signature of the di�rative signalis the presene of one or more large rapidity gaps (LRG). The rapidity of a partile, Yis de�ned as Y = 12 lnE + pZE � pZ (2.40)where E and pZ are the energy and the Z�omponent of the momentum of the partile.
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LRG

Figure 2.21: A qualitative justi�ation of the presene of LRG in di�rative eventsis shown. In standard proton-proton strong interations (left) a parton is exhangedbetween the hadrons and on his path emits, as predited in QCD, other partons that willsubsequently hadronise. In di�rative interations, the exhange has no olour hargeand therefore does not emit any parton.A quantity that estimates Y for massless partiles is the pseudorapidity, �, de�ned as� = �ln �tan��2�� (2.41)where � is the polar angle of the momentum of the partile. Sine only the vauumquantum numbers are exhanged between the hadrons, no olour harge is exhanged.As depited in Fig. 2.21, this absene of olour ow auses a region in rapidity in thediretion of the sattered proton without hadrons that otherwise would be generatedby the QCD radiation. Thus, using the LRG one an tag an event as di�rative byrequiring a rapidity region around the beampipe with no partile ow. The size of thisrapidity region between the sattered proton and the most forward partile produedin the entral system, �Y , depends by the kinematis of the proess (see Set. 2.2.3).It should be stressed that the bakground from non-di�rative events that aidentallyhave a LRG is strongly suppressed. In fat, if one assumes that the average number ofpartons radiated by the strong �eld in an interval of rapidity dY , is onstant< dPQCDdY >� kthen the probability to emit aidentally no partiles in �Y isPno�rad / e�k�Y (2.42)showing that the size of the rapidity gap in non-di�rative events is exponentiallysuppressed.The di�rative physis desribed here is known as soft di�ration beause elastiand total ross setion are proesses with no hard (i.e. high-energy) sale reations.



Di�ration in strong interations 2.2 35This makes the alulations with perturbative QCD desribed in Set. 2.1 impossible.However, the question of how to interprete the pomeron in QCD an still be addressed.The basi ideas for studying the partoni struture of the di�rative exhange (thatmeans in turn a QCD interpretation of di�rative proesses) are presented in the fol-lowing subsetions.2.2.2 Hard di�rationThe �rst proposal to study di�ration in presene of a hard sale was suggested in 1985by Ingelman and Shlein [46℄. The basi idea in what is known as resolved pomeronmodel is that as the reggeons are ensembles of virtual mesons, the pomeron an betreated as a partile that is exhanged between the two hadrons. The nature and theproperties of this quasi-partile are a priori unknown. The di�rative hadron-hadronreation an be thus modelled as a two steps proess. First the di�rative exhangeis emitted from a proton with momentum transfer t. Then the di�rative exhangeinterats with the other proton. The interesting thing is to require that in the seondstep of the proess a hard sale is involved, like jets or heavy quark prodution. Thiswould allow to test in pQCD the IP internal hadroni struture like any other hadron11.The fatorisation adopted in the resolved pomeron model is alled Regge fatorisationor also proton vertex fatorisation. Thus, the ross setion for a di�rative interationbetween two hadrons, A and B, is approximated by�DAB = fIP=A � �BIP (2.43)where fIP=A represents the pomeron ux fator, the probability of emitting a IP withgiven kinemati harateristis, and �BIP represents the total ross setion for the BIPinterations. Regge phenomenology arguments say that the expression of the pomeronux depends only on two variables, t and xIP , where the latter is de�ned as the frationof the momentum of the hadron A taken away by the pomeron. Its de�nition isxIP = (pA � p0A) � pBpA � pB (2.44)where pA is the four-momentum of the inoming hadron A, pB is the four-momentumof the inoming hadron B, and p0A is the four-momentum of the di�ratively satteredhadroni system A0. There are many di�erent de�nitions for the pomeron ux, theones mostly used being proposed by Ingelman and Shlein [46℄ and by Donnahie andLandsho� [47℄. It is important to remind that QCD is not playing a role at this stageand there is no motivation for the resolved pomeron model in QCD.The �rst experimental proof of the presene of hard sales in di�rative proesseswas given by the UA8 ollaboration in pp ollisions at the SPS ollider (Fig. 2.22)[48℄. Di�rative events were seleted by requiring the presene of a proton emergingintat from the interation and deteted far away from the interation point [49℄. In asubsample of di�rative events, jets with a high transverse energy were found, proving11Of ourse this ould sound weird at �rst, sine it is known that the IP is not a standard hadronat all. It annot be observed outside the proton and no momentum sum rules hold for it.
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Figure 2.22: Results from the UA8 experiment. (Left) The energy distribution in thealorimeter for an event with a deteted dijet system and a leading proton (upper plot)ompared to the one for an event without a leading proton (lower plot). Notie that inthe di�rative ase there are two LRG in the low and high polar angle (�) region of thedetetor. (Right) The spetrum of dijet invariant mass for events with a leading proton(from [48℄).that it was possible to �nd a hard sale in a di�rative proess and hene to use pQCDin this kind of physis. How to do it in a pratial way was nonetheless mysterious andonly with subsequent data from ep ollisions at HERA and p�p ollisions at Tevatron alearer understanding in terms of QCD was ahieved.2.2.3 Di�ration in ep ollisionsAs already mentioned in Set. 2.1, the analysis of ep ollisions resulted in a greatimprovement of the knowledge of QCD and the internal struture of the proton. Sinethe study of ep interations is a powerful tool for studying the strong interation, itis not surprising that our understanding of di�ration was signi�antly improved byep measurements. In the following, the spei� ase of the HERA ep ollider will beonsidered, even though the same arguments are valid for any experiment of this kind.The motivations for studying di�ration at HERA are basially the same for otherQCD studies:� The hard sale needed by pQCD is given by the virtuality of the exhanged boson,Q2. When produing jets and heavy quarks, additional hard sales are availableand one an use pQCD also for the desription of photoprodution reations, i.e.proesses in whih the exhanged photon is almost real with Q2 � 0.
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Figure 2.23: A shemati piture of a di�rative DIS interation as seen in a refereneframe where the proton moves very fast.� Having a lepton in the initial state redues the hadroni multipliity of the �nalstate, making the experimental environment "leaner" and easier to analyse.� The kinemati range of HERA is very wide, ranging from a maximum Q2 of ap-proximately 2�104GeV2 to a minimum xBj of approximately 10�5. In the followingit will be shown that the latter remarkably low value is espeially important fordi�ration.In ep di�rative interation at HERA, the atual interation takes plae betweenthe virtual photon and the proton. The � dissoiates into a hadroni (di�rative)�nal state measured in the entral detetor. The p an either stay intat and esape inthe beam pipe (single dissoiation) or dissoiate in a low-mass resonant state (doubledissoiation). Considering proesses in the kinemati region de�ned in Eq. (2.6), onean study di�ration in the hard DIS regime. This proess is alled di�rative DIS(DDIS). The goal of suh a study is to give a quantitative QCD desription of thisproess. The DDIS reation an be expressed as ep ! eXY, where X represents thedi�rative system produed entrally and Y the hadroni system at the proton vertex(in the ase of single dissoiation Y � p). The number of independent kinemativariables is �ve, higher than in the standard ase. The usual hoie for them is Q2, t,xIP , �, MY.The variables Q2 and t were already introdued and we refer to Eq. (2.4) andEq. (2.35) for their de�nitions. The de�nition of xIP introdued in Eq. (2.44) an berewritten in the DIS ase as xIP = (p� p0) � qp � q (2.45)Although its physial interpretation stays the same as the one introdued in Set. 2.2.2,it has to be stressed that we did not yet introdued any Regge fatorisation in the def-inition. The variable � plays in di�rative DIS a similar role as xBj in standard DIS.



38 Theoretial framework 2.0It is de�ned as � = Q22 (p� p0) � q ' Q2Q2 +MX (2.46)and it an be veri�ed immediately by omparing Eq. (2.46) with Eq. (2.45) andEq. (2.12) that xBj = xIP � �: (2.47)The variableMY is the invariant mass of the hadroni system Y. In ase the protonstays intat MY = mp.In order to pursue our goal to desribe quantitatively the di�rative DIS proess,the �rst idea is simply to repeat the treatment adopted for the standard non-di�rativeDIS just adding the requirement that the proton undergoes a di�rative sattering. ThesuÆx "D" will be added to stress the latter additional requirement. A �rst simpli�-ation that an be done is to onsider only single dissoiative events, i.e. di�rativeevents where the proton stays intat. This hoie has pratial justi�ations. The de-tetion of the system Y is often impossible experimentally (the hermetiity of a olliderexperiment annot be total and the system Y esapes in the beam pipe). Moreover,even if one has managed to detet it, one has no more experimental signatures butthe fat that only vauum quantum numbers have been exhanged in the interation.In fat also the exhange of reggeons produes similar experimental signatures exepthanging the Y quantum numbers. Nonetheless, even if we ignore this kind of reationsin the theoretial treatment, they are still produed in the ollisions. The experimentalway to deal with them will be explained later in Set. 6.5. The di�erential DDIS rosssetion then depends only on four variables and an be written asd4�DdQ2d�dtdxIP = 2��2xBjQ2 h(1 + (1� y)2)FD(4)2 (�;Q2; t; xIP )� y2FD(4)L (�;Q2; t; xIP )i(2.48)If the sattered proton is not deteted in the experiment, Eq. (2.48) is integratedover t and beomesd3�DdQ2d�dxIP = 2��2xBjQ2 h�1 + (1� y)2�FD(3)2 (�;Q2; xIP )� y2FD(3)L (�;Q2; xIP )i (2.49)Often Eq. (2.48) and Eq. (2.49) are expressed in terms of a redued ross setion,e�D(4), de�ned ase�D(4) = FD(4)2 (�;Q2; t; xIP )� y2(1 + (1� y)2)FD(4)L (�;Q2; t; xIP )As for standard DIS, the longitudinal di�rative struture funtion, FDL , is usuallynegleted. In this ase e�D and FD2 math eah other. The treatment of the DDIS isnotieably simpli�ed by the use of the resolved pomeron model introdued in Set. 2.2.2.



Di�ration in strong interations 2.2 39Then, the expression of FD2 , whih in general depends on four variables, is fatorisedin two parts, eah one depending on two separate variablesFD(4)2 (�;Q2; t; xIP ) = fIP=p(t; xIP ) � F IP2 (�;Q2) (2.50)where fIP=p is the pomeron ux fator and F IP2 the pomeron struture funtion.The former an be modeled by Regge phenomenology, the latter is the quantity ex-trated from the measurement. Again, in ase one does not measure t, the expressionof Eq. (2.50) is integrated over this variable. In the resolved pomeron model, the phys-ial meaning of � arises naturally. As xBj is the fration of the proton longitudinalmomentum taken by the parton whih is struk by the photon, � is the fration of thepomeron longitudinal momentum taken by the parton struk by the photon.Experimentally, at HERA di�ration is tagged using three di�erent methods. Theyexploit di�erent experimental signatures of di�ration and an be onsidered as om-plementary to eah other.� The single dissoiation events an be diretly deteted by means of a forwardinstrumentation alled proton spetrometer [50, 51, 52, 53, 54, 55℄. Beause ofthe low t, the outgoing p is sattered at very low angles with respet to theinitial diretion and one needs to plae the proton spetrometer very far from theinteration point and very lose to the beam axis. An experimental tehniqueadopted at HERA is the use of roman pots. These devies are able to move thedetetors (e.g. silion mirostrips detetors) in the diretion of the beam. Whenthe beam is not well foused yet, the detetors are kept far from it; when thebeam is stable the roman pots move them lose to the beam (the typial distaneat HERA is � 1 m). The dipoles of the ollider are used to bend the satteredproton suh to separate them from the beam line (making their detetion possible)and to allow a measurement of their momentum. If the interation was di�rative,the sattered (leading) proton is perturbed only slightly. This means that it musthave lost only a small fration of its momentum. If one measures with a protonspetrometer the quantity xL, de�ned asxL = j~p0jj~pj (2.51)one �nds a pronouned peak at xL � 1 (see Fig. 2.24). That is the di�rativepeak and di�rative events onentrate at values xL & 0:95. The detetion of aleading proton is a very lear indiation that a di�rative proess happened inthe event onsidered. It is also rih of information beause it measures diretly t.However, it has the drawbak of low aeptane and, onsequently, low statistisand it does not rejet the bakground from reggeon exhange.� The large rapidity gap (LRG) method tags the di�rative events by requiringan angular region in the diretion of the sattered proton without partile ow[56, 57, 58, 59, 60℄. Using the de�nitions of rapidity, Y , and pseudorapidity, �,in Eq. (2.40) and Eq. (2.41), one an write the dependene on the kinemati
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Figure 2.24: The xL spetrum measured by the ZEUS ollaboration. The points withthe error bars show the data while the histogram the predition from the Monte Carlo.The di�rative peak is learly visible at xL � 1 (from [52℄).variables of DIS of the size of the LRG between the di�rative system X and thesattered proton Yp � YX = �Y � ln W 2mpMX (2.52)Typial values at HERA are W = 200GeV and MX = 20GeV. Thus one expetsa LRG of the size of approximately 7.7 units of rapidity. But the hadronisation ofthe di�rative system auses a spray of partiles that dereases the deteted sizeof the LRG, so typial requirements on the LRG size are of the order 2.5 - 3 unitsof rapidity. Experimentally one measures the pseudorapidity of the most forwardpartile in the detetor (�MAX) and requires that the � range between it and theedge of the forward detetor instrumentation is large enough. The di�rativeevents onentrate therefore at low values of �MAX, orresponding to large valuesof �� (see Fig. 2.25). The LRG method has the advantage of a muh higherstatistis ompared to the proton spetrometer method, but sine the satteredproton is not deteted the soure of information on t is lost. Also, the ontributionfrom reggeons is still present. Although reggeons do not ontribute to di�ration,they are a olour singlet as well and ause a LRG. It is proven that the reggeonontribution vanishes at suÆently low values of xIP , but a preise limit is notde�ned yet (at xIP < 0:01 the reggeon ontribution is absolutely negligible while atxIP < 0:03 a small but signi�ant ontribution is present [61℄). Another drawbakof the LRG method is the sensitivity on the model of hadronisation whih is stillnot well-known theoretially.� The MX method is losely onneted to the LRG method. If the size of theLRG is large, Eq. (2.52) states that the ratio MX=W must stay small. The
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Figure 2.25: The �MAX distribution as measured by the ZEUS ollaboration. The pointswith the error bars show the data. The Monte Carlo preditions for the di�rative andnon-di�rative ontributions are shown as histograms. The di�rative signal gives thetail at low �MAX (from [78℄).di�rative sample is found as an exess at low values of MX ompared to theexpetations from standard DIS (see Fig. 2.26) [62, 63℄. The MX distribution indi�erent bins ofW is plotted and the non-di�rative ontribution estimated fromMC is statistially subtrated from it, leaving a di�rative sample. Like for theLRG method, also the MX-method has high statistis. Moreover, the seletionover theMX distribution rejets also the bakground from reggeon exhange. Thesensitivity to the hadronisation models is present also here, a�eting in partiularthe subtration of double dissoiation events.One a lean di�rative sample is available, one an extrat the di�rative di�eren-tial ross setion and the di�rative struture funtions using Eq. (2.48) and Eq. (2.49).The di�rative struture funtions, FD2 , as a funtion of Q2 are shown in Fig. 2.27 to-gether with the standard DIS struture funtions, F2. While F2 is presented in bins ofxBj, FD2 is presented in bins of �, whih has a similar physial meaning.From Fig. 2.27 an important onlusion an be made. From QCD we know thatthe presene of gluons auses saling violations in the struture funtions. Indeed, suhviolations an be seen in the F2 plot as the Q2 dependene of the struture funtionbeomes steeper as xBj dereases. The same happens in FD2 but in a muh morepronouned way. The rise as a funtion of Q2 starts at values of � lower than the onesof xBj in the orresponding non-di�rative plot. From this one an realise that theinternal struture of the di�rative exhange is not like the one of the proton but isriher in gluons. This fat is an important reason for using jets as a probe for studyingdi�ration, as will be explained in Set. 2.2.8.
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Figure 2.27: The left hand plot shows the proton struture funtion F2 as a funtionof Q2 in bins of xBj measured by the H1 ollaboration (from [64℄). The right hand plotshows the di�rative redued ross setion, ~�D, measured by the H1 ollaboration as afuntion of Q2 in bins of � at a �xed value of xIP = 0:01 (from [60℄). For visibility, theinlusive (di�rative measurements was saled by a fator 2i (3i) with i as indiated.The ~�D was saled as well for di�erent xIP values. The saling violations in the right-hand plot are steeper than the left-hand plot.
2.2.4 Saturation model in di�rationThe saturation model turns out to be a powerful tool to desribe also di�ration [20, 66℄.Sine di�ration is onentrated at low-xBj, this kind of events are strongly inuenedby saturation e�ets. The parameters of the model in di�rative ep sattering are thesame as extrated from inlusive DIS data [20℄. The same power-behaviour in xBj ofinlusive and the di�rative DIS ross setions an be explained by means of saturation[20℄. A shemati piture of a di�rative interation is shown in Fig. 2.28a. The q�qproess is dominant at low MX. At high MX the ontribution from an additionalemission of a gluon from the dipole beomes important (Fig. 2.28b). This an beseen in Fig. 2.29 where FD2 measured by the ZEUS ollaboration is ompared to theprediiton based on the saturation model. The q�qg ontribution is dominant at low �hene beause of Eq. (2.46) at high MX.
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Figure 2.28: Shemati piture of the �p di�rative DIS sattering in the saturationmodel for (a) the q�q ontribution and for (b) the higher-order q�qg ontribution.

Figure 2.29: The di�rative struture funtion, xIPFD2 (xIP ; �; Q2) for xIP = 0:0042 as afuntion of � measured by the ZEUS ollaboration. The predition from the saturationmodel is shown as a solid line. Also shown are the individual ontribution (dashedlines) from the q�q for transverse photons, (dot-dashed lines) from the q�q for longitudinalphotons and (dotted lines) from the q�qg omponent (from [65℄).



Di�ration in strong interations 2.2 452.2.5 QCD fatorisation in di�rationThe QCD-based study of di�rative DIS data relies on an important theorem onlyreently proven by J. Collins in 1998 [67℄. The QCD fatorisation theorem for di�rativeDIS states, in analogy with the QCD fatorisation theorem for DIS (see Set. 2.1.5),that in a proess with a suÆiently hard sale, the di�rative DIS reation fatorises intwo parts. The short-distane part is haraterised by the presene of a hard sale thatinludes the hard sattering of a parton o� the virtual boson. This part is alulable inpQCD and depends on the proess under study (inlusive DIS, jet prodution, heavyquark prodution, et.). Sine it is a pure pQCD result, the predition for the hardsubproess does not depend on whether the reation is di�rative or not. The seondpart inludes the long-range soft proesses and the infrared divergenes are inludedin it. It is the equivalent of the proton PDFs and in the di�rative ase is alleddi�rative parton distribution funtions (dPDFs). The dPDFs an be de�ned as thestandard PDFs with the additional requirement that the proton underwent a di�rativeinteration. They depend only on the type of hadron onsidered and an be used inmany di�erent tuypes of proesses. The di�erential di�rative ross setion for �pinteration an then be expressed as the onvolution of the short- and long-distaneterms��D = Xi=q;q;g Z�t dt Z�xIP dxIP Z�Q2 dQ2 Z�� d� �̂�i(Q2; �)fDi (xIP ; t; �; Q2) (2.53)where �̂�i(Q2; �) represents the partoni ross setion for the hard interation be-tween the � and the parton i, and fDi (xIP ; t; �; Q2) are the dPDFs for a given type ofparton i.It is wortwhile to remind that the validity of the fatorisation theorem relies on ne-gleting higher-twist terms (see Set. 2.1.5). This statement is valid for every availabledemonstration of the fatorisation theorem but is partiularly relevant for the di�ra-tive ase where higher-twist terms an be larger than in the inlusive ase. Thus, inorder to provide a solid basis to the QCD interpretation of di�ration, it is fundamentalto prove experimentally the validity of this very important theorem. One it is found tobe ompatible with data, one an use for di�rative proesses all the QCD mahinerydesribed previously and thus inlude di�ration in the QCD framework.At HERA, the dPDFs have been determined within the QCD DGLAP formalismby means of �ts to inlusive di�rative DIS measurements with a proedure similar tothat used to extrat the standard proton PDFs from inlusive DIS data. An exampleof the outome of one of these �ts is shown in Fig. 2.30.In most of the dPDF parameterisations, the Regge fatorisation introdued inSet. 2.2.2 is assumed in order to fatorise the (xIP ; t) from the (�;Q2) dependeneof the ross setion. In the Regge approah, di�rative sattering proeeds via theexhange of the Pomeron trajetory. The dPDFs are then written as the produt offIP=p, the Pomeron ux (dependent on xIP and t) and fDIP , the parton distributions in
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Di�ration in strong interations 2.2 47the Pomeron (dependent on � and Q2)fDi (xIP ; t; �; Q2) = fIP=p(xIP ; t) � f IPi (�;Q2): (2.54)The di�rative struture funtion an be expressed as in Eq. (2.50)It has to be kept in mind that from the experimental point of view the seletedsignal an still ontain a ontribution from reggeons that mimi a di�rative proess(this depends on the experimental tehnique adopted). In this ase Eq. (2.54) beomesfDi (xIP ; t; �; Q2) = fIP=p(xIP ; t) � f IPi (�;Q2) + fIR=p(xIP ; t) � f IRi (�;Q2) (2.55)where in analogy with the di�rative ase, fIR=p parametrises the ux of reggeonsfrom the proton and f IRi are the reggeon parton densities. Also Eq. (2.50) hanges inFD(4)2 (xIP ; t; �; Q2) = fIP=p(xIP ; t) � F IP2 (�;Q2) + fIR=p(xIP ; t) � F IR2 (�;Q2) (2.56)where F IR2 is the reggeon struture funtion.2.2.6 Fatorisation breaking in pp ollisionsOne of the most relevant assertions of the fatorisation theorem is that the dPDFs areuniversal, i.e. they an be employed in di�erent kind of interations and for di�erentkind of �nal states. Thus one should be able to use the dPDFs extrated in ep ollisionsat HERA also in p�p ollisions at Tevatron. A di�rative proess with a hard sale thatan be studied at Tevatron is for example the di�rative prodution of dijets. Thismeasurement was performed and the struture funtion for di�rative dijet prodution,F JJ2 , extrated. The measurement is then ompared to the NLO QCD preditions usingthe HERA dPDFs in Fig. 2.31 [68℄.In the omparison an evident disrepany is observed between data and NLO pre-ditions. The fat that the dPDFs extrated in ep ollisions annot be used diretlyat a p�p ollider means that the ollinear fatorisation is broken. The widely aeptedexplanation for suh a breakdown fouses on the seondary interations between thespetator partons in the protons. After the di�rative reation it is still possible thattwo partons - that did not enter in the former - interat. The seond interation istypially soft and spreads partiles towards the diretion of the inoming hadrons.This makes the experimental detetion of the di�rative sattering impossible. Therapidity gap is �lled with the produts of the seond soft interation and the protonbreaks up and an not be deteted in the proton spetrometer. Therefore, there arefewer di�rative events than expeted without seondary resattering. One an de�nethe probability that a rapidity gap produed in hadron-hadron ollisions is not �lledby seondary proesses in the same ollision. This probability is alled rapidity gapsurvival probability, !. The survival probability an be expressed as the produt of twoterms [69℄ ! = S2 T 2
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Figure 2.31: The di�rative dijet struture funtion measured by the CDF ollaborationompared to a NLO QCD alulation using the HERA dPDFs. The same alulationusing two di�erent dPDFs (the H1 2006 - Fit A and the H1 2006 - Fit B) is shown. Asigni�ant overestimation of the data is observed in the theoretial preditions, implyinga breaking of the ollinear fatorisation in di�rative p�p interations.
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p̄Figure 2.32: A shemati representation of the mehanism of fatorisation breaking inp�p ollisions. In the left plot a di�rative event is depited. No seondary interationshappen and the �nal state in this example has one rapidity gap and one hadron staysintat and is detetable with a proton spetrometer. In the right-hand plot two partonsthat did not partiipate to the hard di�rative proess interat softly. The latter inter-ation spoils the rapidity gap(s) and perturbates enough the leading hadron(s) suh tomake impossible the di�rative tagging of the �rst hard proess.First there is the term S, where (1 � S2) is the probability that the rapidity gapmay be �lled by seondaries produed (via parton resattering) in the underlying softinteration. Seond, there is also the probability (1�T 2) that the gap may be populatedby extra-gluons emitted in the hard di�rative subproess. The �nal value of ! dependson the type of interation, the energy of it and the �nal state onsidered. The atualalulation of ! was performed by many theoretial groups [70, 71℄ and is able toreprodue the fator ! � 0:05 � 0:2 needed to desribe the Tevatron results. It isimportant nonetheless to on�rm the general validity of these alulations in order toapply them in other experimental environments like the Large Hadron Collider [71℄.In this task, HERA an provide preious informations.2.2.7 Test of QCD fatorisation in ep ollisionsHERA di�rative data an be used not only to extrat the dPDFs but also to verifytheir universality. The proposed explanation of the fatorisation breaking at Tevatrondesribed in Set. 2.2.6 an be tested also in ep ollisions. A photon an utuate ina quark-antiquark pair. In the Vetor Meson Dominane model (VMD) [72℄ this q�qutuation behaves approximately like a vetor meson (�, !, �...). The lifetime of thisutuation is proportional to 1=pQ2 and for low virtualities it an be suÆiently longthat the photon exhibits hadroni struture during the interation with the proton.This means that in photoprodution events (p), i.e. when the photon emitted by thelepton is quasi-real (Q2 � 0), the interation may atually our between two hadroniobjets. In this way one is able to test whether soft resattering e�ets our also inphotoprodution and if the models used for p�p ollisions also desribe the p sattering.
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Figure 2.33: Diret and resolved photon LO diagrams ontributing to the prodution ofdi�rative dijets. Regge fatorisation is assumed in these plots.In LO, the p events are grouped in diret and resolved p (see Fig. 2.33). Inthe former ase, the photon, although real, does not utuate and ouples diretly tothe quark in the proton. The resolved photon proesses are those where the photonexhibits a hadroni struture. As for the proton, a ollinear fatorisation is appliedfor the , de�ning a hard subproess between the parton oming from the p and theparton oming from the , and photon PDFs extrated experimentally from e+e� data[73℄. The fration of the photon longitudinal momentum entering the hard subproessis alled x . In the photon, the variable x plays the same role as xBj in the protonand an be de�ned as x = p � up � q (2.57)where u is the four-momentum of the parton originating from the  entering thehard subproess.Seondary resattering is not expeted to happen in DIS interations and diretphoton proesses simply beause the proton does not have a hadroni ounterpart toresatter on. Conversely, the resolved part should be suppressed. The experimentalseparation between diret and resolved is based on the value of x . For diret proesses,x = 1 (negleting detetor resolution e�ets) while for resolved proesses the value ofthis variable an be signi�antly lower.The experimental strategy for testing the QCD fatorisation at HERA is to omparethe data from a di�rative �nal state to the NLO predition using the dPDFs previouslyextrated from inlusive DIS. Of ourse, the data sample under test must not have beenused in the dPDFs extration. If the fatorisation holds, the NLO should desribe thedata, both in shape and normalisation. Thus, aording to the models used to desribethe p�p di�rative reations, one expets to see in the low x region of the phase spaea suppression ompared to the NLO predition using the dPDFs. Suh a suppressionshould not be visible in DIS and diret p events.



Di�ration in strong interations 2.2 51

0

0.2

0.4

0.6

0.8

1

1.2

10 10
2

Q2 [GeV2]

∫d
z 

z 
g

(z
,Q

2 ) 
/ ∫

d
z 

z 
[Σ

+g
](

z,
Q

2 )

Gluon Momentum Fraction
for 0.0043 < z < 0.8

H1 2006 DPDF Fit A
(exp. error)
(exp.+theor. error)

H1 2006 DPDF Fit B

Figure 2.34: The ratio of gluons in the dPDFs as a funtions of Q2 estimated from the�ts H1 2006� FitA and H1 2006� FitB. In this plot the variable alled � in the textis denoted by z (from [60℄).The di�rative reations suitable for the test of QCD fatorisation must satisfy thefollowing requirements:� it must have a hard sale in the �nal state suh as to allow the use of pQCD, likethe fatorisation theorem and the DGLAP evolution equations;� the proess must have a sensitivity to the gluon ontent of the di�rative ex-hange. This requirement is due to the enhanement of gluons in the di�rativeexhange. Fig. 2.34 shows that the gluon ontent in the di�rative exhange isapproximately 70� 80%. Thus it is important to hoose proesses that are sen-sitive to the gluons in order to have a diret handle on the main ontribution tothe dPDFs.Two proesses satisfying these requirements and widely used at HERA for QCDdi�rative studies are the prodution of open harm and of dijets [75, 76, 77, 78, 79,80, 81℄. Charm is produed dynamially by the gluons in the di�rative exhange (seeFig. 2.35) and hadronises in a fration of the events in D� mesons whose detetion isthen used as signature of harm prodution.The onsisteny observed between the ross setions for the semi-inlusive DIS pro-esses onsidered and the respetive alulations based on Eq. (2.53) using the availabledPDFs represents an experimental support of the validity of the QCD fatorization hy-pothesis in di�rative DIS [77, 80℄. Nonetheless the theoretial unertainty on the NLOalulations is large and there is still the need for a better experimental veri�ationof the theorem. The expeted suppression in p is observed only in dijet produtionand not in open harm [76, 77℄. The latter result an be understood onsidering thatthe harm prodution is suppressed when the photon has a hadroni struture [76℄. In
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Figure 2.36: The leading-order QCD diagrams for dijet prodution in single dissoiationdi�rative DIS. The Regge fatorisation is assumed. The left-hand plot represents theQCD Compton (QCDC) prodution while the right-hand plot the Boson-Gluon Fusion(BGF) diagram.of the di�rative exhange arried by the parton partiipating in the hard proess andde�ned as zIP = q � vq � (p� p0) (2.58)where v is the four-momentum of the parton originating from the olourless ex-hange entering the hard subproess with the �. In di�rative prodution of dijets,the variable zIP replaes � as the kinematial variable on whih the dPDFs depend .Eq. (2.53) is rewritten as:��Djj = Xi=q;q;g Z �tdt Z�xIP dxIP Z�Q2 dQ2 Z�zPd� �̂�ijj (Q2; �)fDi (xIP ; t; �; Q2); (2.59)where now zIP is the variable sensitive to the dPDFs and the subproess ross setion��i is replaed by the ross setion, ��ijj , for the reation �i! jet1 jet2.The dijets in DDIS an be used as a benhmark for the dPDFs and the fatorisationtheorem, as desribed in Set. 2.2.7. On the other hand, if one assumes the validityof the fatorisation theorem one an use the same data for improving the aurayof the dPDFs. The dijets data an be used to onstrain the dPDFs in a ombined�t with the inlusive data. This tehnique was already used in the ontext of protonPDFs [83℄ and it has proven to signi�antly redue the unertainties in the PDFs,espeially the gluon PDFs. The reason is that in a �t using only inlusive data thegluon parton densities are extrated only in an indiret way from the Q2 dependeneof F2 (whih is onneted to the amount of gluons via the DGLAP equations) and theonservation of the momentum sum rules in the proton. By seleting dijets, the datameasure diretly the fration of proton momentum taken by the gluon entering the hard
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Figure 2.37: The left-hand plot shows the measurement performed by the H1 ollab-oration of the double di�erential ross setion for prodution of dijets in DDIS as afuntion of zIP and Q2+ p� 2T;jet1 (points with error bars). The urves represent the NLOpreditions using the �t inluding inlusive and dijets data (H1 2007 Jets dPDFs). Theright-hand plot presents the "H1 2007 Jets" dPDFs ompared to two older �ts that usedonly inlusive data as a funtion of zIP in bins of the fatorisation sale, �F , separatelyfor the quark and the gluon ontribution (from [81℄).subproess12. This property makes the inlusion of dijets data in a �t of the dPDFseven more attrative. In fat the partiularly rihness of gluons in the dPDFs inreasesthe impat of an improvement in the gluon parton density estimation. Moreover, thedi�rative data have a larger experimental unertainty ompared to the standard DISones. This reets in an even worse preision in measuring the Q2 dependene of FD2and, onsequently, the gluon dPDFs have muh larger relative unertainties omparedto the proton PDFs. This unertainty is so relevant that the inlusive data alone areable to onstrain the gluon parton densities only up to � . 0:8 and, in addition, makespei� assumptions on their initial parametrisation at the starting sale of the DGLAPevolution [60℄.The inlusion of dijets in DDIS in the �t of the dPDFs was reently performed bythe H1 ollaboration [81℄. In Fig. 2.37 two results from this analysis are shown in orderto give a feeling of the status of the inlusion of dijets in the dPDFs �t. Fig. 2.37a showsthe double di�erential ross setion for prodution of dijets in DDIS as a funtion ofzIP and the hosen estimator of the hard sale of the proess, Q2 + p� 2T;jet1, where p�T;jet1is the transverse energy of the jet with the highest transverse energy as measured inthe referene frame where the �p entre-of-mass is at rest. The preision, kinematioverage and robustness of the �t are greatly improved.Thus, the measurement of dijets an dramatially improve our knowledge of the12In non-di�rative analysis this quantity, analogous to zIP , is alled �.



Di�ration in strong interations 2.2 55di�rative dynamis in a QCD framework and have an impat on future analyses alsoat other olliders. The study of di�ration at the LHC, the new pp ollider with aentre-of-mass energy ps = 14 TeV , has a broad and interesting physis program [84℄.Similarly to the non-di�rative ase, a fundamental ingredient of any alulation ofdi�rative proesses are the dPDFs. Reduing the dPDFs unertainty an stronglyredue the unertainty on at the LHC, e.g. di�rative Higgs prodution. The study ofthe prodution of dijets in di�rative DIS was never pursued with the ZEUS detetor.





Chapter 3Experimental setupThe �rst part of this hapter desribes the ep ollider HERA and its main featuresinluding a brief desription of the upgrade arried out in the years 2000-2003; theseond part is foused on the general purpose detetor ZEUS and its omponentswhih played a relevant role in the analysis.3.1 The HERA ep olliderThe Hadron Elektron Ring Anlage (HERA) is a ollider loated at the DESY researhenter in Hamburg, Germany. The tunnel where the aelerator is plaed is 6.3 Kmlong and at a depth of about 20 meters below the ground. At HERA either eletronsor positrons were ollided against protons. The leptons and the protons were irulat-ing in two separate rings and brought to ollision in four di�erent interation points.The leptons were aelerated using normal and superonduting avities while for theprotons normal avities were used. The leptons were kept in orbit using 0.3 T room-temperature dipole magnets; superonduting 5 T dipoles were adopted instead for theheavier protons. The �rst period of operation of HERA (Hera I) lasted from 1992 to2000 olliding both eletrons and positrons at 27:5GeV against protons. The startingproton beam energy was 820GeV (entre-of-mass energy of 300GeV) and swithedto 920GeV (entre-of-mass energy of 318GeV) in 1998. In 2000 the operations werestopped for allowing a luminosity upgrade of the mahine bringing to a planned inreaseof the spei� luminosity1 by a fator 5. In addition the lepton beam was longitudinallypolarised. This seond stage of operations was alled Hera II. During the Hera IIrun the proton energy hanged from the initial 920GeV to 460GeV and 575GeV. Theenergy of the lepton beam was kept �xed to 27:5GeV. A more detailed desription ofthe mahine parameters and the data taking periods an be found in Tables 3.1 and3.2.At the interation points four experiments olleted data. In the North Hall themulti-purpose experiment H1 worked. In the West Hall the Hera-B ollided thebeam-halo protons against a �xed target in order to produe B mesons for performingCP violation studies; Hera-B stopped the data taking in 2003. Hermes was the1What the spei� luminosity is 57



58 Experimental setup 3.0HERA parametersParameter ValueCirumferene 6336 mCentre of mass energy 225 / 251 / 300 / 318 GeVBeam Cross Over 96 nsLuminosity 1:6x1031 m�2s�1 / 7:0x1031 m�2s�1Proton beam Eletron beamNominal energy 460 / 575 / 820 / 920 GeV 27.6 GeVTable 3.1: The main parameters of the HERA ollider.experiment in the East Hall: it used the lepton beam with a hydrogen �xed target tostudy the spin struture of the proton. In the South Hall the seond multi-purposedetetor at HERA worked, ZEUS. A more detailed desription of ZEUS is present inthe next setion.3.2 The ZEUS detetor3.2.1 Overview of the ZEUS Detetor

Figure 3.1: View of the ZEUS detetor along the beam diretion.The ZEUS detetor [85℄ was a general purpose detetor designed to study variousaspets of eletron{proton sattering. It has been in operation from 1992 to 2007.
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HERA luminosityPeriod Colliding Proton beam Luminositypartiles energy (GeV) delivered ( pb�1)1993 e� p 820 0:541994 e+ p 820 5:21994 e� p 820 1:01995 e+ p 820 12:31996 e+ p 820 17:11997 e+ p 820 36:41998 e� p 920 8:01999 e� p 920 17:11999 e+ p 920 28:52000 e+ p 920 66:42003 e+ p 920 6:52004 e+ p 920 77:92004/05 e� p 920 204:82006 e� p 920 86:12006 e+ p 920 118:42007 e+ p 920 62:22007 e+ p 460 17:72007 e+ p 575 9:4Table 3.2: The luminosity delivered by HERA.



60 Experimental setup 3.0Various omponents were installed to measure �nal state hadrons and leptons and toharaterise observed �nal state in terms of partile energy, diretion, and type.The experiment onsisted of the main detetor, surrounding the nominal interationpoint and several small omponents positioned along the beam line in both diretions(positive and negative Z)2. The shemati view of the main detetor is shown in Figs. 3.1and 3.2. The design of the detetor was not symmetri with respet to the nominalinteration point (Z = 0). The di�erene in the energy of the eletron (positron) beam(27:5GeV) and proton beam (820=920GeV) resulted in a large boost of the entre-of-mass system in the diretion of the proton beam and in the large forward{bakwardasymmetry of the partile prodution. Therefore the forward part of the detetor wasmore instrumented than the rear one.

Figure 3.2: View of the ZEUS detetor perpendiular to the beam diretion. See textfor a desription of the omponents.The traking system enlosed by a superonduting solenoid produing an axialmagneti �eld of 1:43T formed the inner part of the main detetor. The main om-ponent of the traking system was the Central Traking Detetor (CTD), a ylindrialdrift hamber, surrounding the beam pipe at the interation point. The CTD measured2The ZEUS oordinate system is a right-handed Cartesian system, with the Z axis pointing in theproton beam diretion, referred to as the \forward diretion", and the X axis pointing left towardsthe enter of HERA. The oordinate origin is at the nominal interation point.See also Appendix A.



The ZEUS detetor 3.2 61harged traks in a polar angle range of 15Æ < � < 164Æ. The CTD will be desribedin more details in Set. 3.2.2. In order to extend the angular overage of trak reon-strution in the forward and bakward diretions, the CTD was supplemented by theForward Traking Detetor (FTD) and the Rear Traking Detetor (RTD). Both FTDand RTD were omposed by three sets of planar drift hambers. In the forward dire-tion the FTD planes were interleaved with the Transition Radiation Detetor (TRD)planes3. The Small angle Rear Traking Detetor (SRTD) was plaed behind the RTDand overed the surfae of the RCAL from the beam{pipe hole to a radius of about34 m. Its purpose was to measure eletrons sattered at very small angles ( � > 170Æ)outside the RTD aeptane. At the start of the operations, the ZEUS detetor wasalso equipped with the vertex detetor (VXD) designed to enhane reonstrution ofthe event vertex and possible seondary verties, and to improve the momentum andangular resolutions of harged traks measured with the CTD and other traking de-tetors. It was however removed during the shutdown of 1995/96 as it ould be notoperated ontinously due to the high beam bakground levels. During the HERA up-grade in 2001 a silion mirostrip detetor was installed at the same plae providinghigh-preision traking measurements.The high resolution uranium alorimeter (UCAL) surrounded the entral part ofthe detetor, i.e. the traking detetors and the superonduting solenoid. The UCALwas subdivided into the forward (FCAL), barrel (BCAL), and rear (RCAL) parts. Itwas used to measure energies of produed partiles as well as to reonstrut their posi-tion and to disriminate between eletrons and hadrons. The UCAL will be desribedin detail in Set. 3.2.3. The Forward Plug Calorimeter (FPC) was a alorimeter in-stalled during the data taking period 1998{2000 in the forward diretion in order toextend the angular overage of the UCAL. The Hadron Eletron Separator (HES) wasa plane of silion diodes designed to improve the identi�ation of eletromagneti ob-jets, inluding non-isolated ones. The HES was installed inside the the RCAL (RearHadron Eletron Separator, RHES) and inside the FCAL (Forward Hadron EletronSeparator, FHES) at a depth of 3:3 radiation lenghts, approximately the position ofthe eletromagneti shower maximum.The UCAL was surrounded by an iron yoke made of 7:3 m thik iron plates. Theyoke provided a return path for the solenoid magneti �eld. In the addition to thereturn �eld of the solenoid, the yoke is magnetised to 1:6 T by opper oils produingtoroidal �eld. At the same time it was instrumented with the the baking alorimeter(BAC). The BAC onsisted of proportional hambers making it possible to measureenergy leakages out of the UCAL and to reonstrut high energy muons. The limitedstreamer tubes (muon hambers) were mounted inside and outside of the iron yoke inthe barrel (BMUI, BMUO) and the rear (RMUI, RMUO) regions to enhane muonidenti�ation and to measure their momentum. As the average partile density andthe muon momentum in the forward diretion was higher than in the barrel and reardiretions, the muon system in the forward diretion was more omplex. It onsistedof limited streamer tubes mounted inside of the iron yoke (FMUI) as well as drifthambers and limited streamer tubes mounted in front of the iron yoke (FMUO). Two3After the HERA 2000 upgrade the TRD was replaed by the Straw Tube Traker (STT). TheSTT improved traking eÆieny in events with high multipliities.



62 Experimental setup 3.0iron toroids provide a toroidal magneti �eld of 1:7 T for measurement of forward muonmomenta.In the bakward diretion, at Z = �7:3 m, the so alled Veto Wall detetorwas plaed. It onsisted of onrete wall and large sintillator planes, and was used torejet bakground events oming from proton{beam-gas reations in the HERA tunnel.Downstream of the eletron beam, luminosity was measured by the luminosity monitor(LUMI). The LUMI detetor ould also be used for physis analysis, to tag the soalled photoprodution events.3.2.2 The Central Traking DetetorThe Central Traking Detetor (CTD) [86℄ was a ylindrial gas-�lled wire hamber. Itprovided measurements of the harge and momentum of harged partiles. The �duialvolume of the CTD extended from Z = �1:01 m to z = 1:06 m . It overed a polarangle of 15Æ < � < 164Æ and the full range of the azimuthal angle �. The outer and innerdiameter were 159 m and 36 m respetively. The hamber is �lled with a mixture ofargon, CO2, and ethane. The CTD was subdivided into eight setions (otants) andnine superlayers. One otant is shown in Fig. 3.3. Eah otant onsisted of 72 driftells equipped with eight sense wires eah. For eah sense wire, the position in the(X; Y ) plane of the harged partile trak in the ell (so alled hit) was reonstrutedfrom the drift time measurement. The total number of ells in the CTD inreased from32 in the innermost superlayer to 96 ells for the outermost superlayer. Every othersuperlayer had its sense wires rotated by a ertain angle with respet to the beam axis.The angles for eah superlayer are given in Fig. 3.3. With this on�guration the Zposition of a trak ould be reonstruted with an auray of approximately 2 mm.
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The ZEUS detetor 3.2 63The position resolution in r�� was approximately 230 �m and the resolution of thetransverse momentum, pt, measurement for harged partiles rossing all layers was:�(pt)pt = 0:0058 � pt(GeV) � 0:0065 � 0:0014pt ; (3.1)where the �rst term was due to the resolution in the hit position determination, theseond term to smearing from multiple sattering within the CTD and the last termto multiple sattering before the CTD. The best transverse momentum resolution ofabout 0:8% was obtained for pt � 0:5 GeV and the measurement better then 10% waspossible forpt � 17 GeV.From the �t to all reonstruted traks, the position of the interation point ouldbe reonstruted with a typial resolution of 0:1 m in X and Y and of about 0:4 min Z. Charged partile identi�ation in the CTD was possible in the limited kinematirange by measurement of the mean energy loss, dE=dx, along the traks.3.2.3 The Uranium-Sintillator CalorimeterThe ZEUS alorimeter (UCAL) was a sampling alorimeter, built of depleted uraniumabsorber plates interleaved with sintillator layers. The sintillating light oming fromthe latter was olleted with an optial readout. The goal was to obtain an almosthermeti alorimeter with a nearly full solid{angle overage and a very good hadronienergy resolution. The latter was ahieved by the ompensation, i.e. equal response toeletromagneti and hadroni asades.The layout of the UCAL is shown in Fig. 3.4. It was divided into three parts, whihovered di�erent polar angles [87, 88, 89℄.� the forward alorimeter (FCAL) overing � = 2:2Æ to 39:9Æ, with a total depthof 7.1 interation length; the front fae of the FCAL was plaed at z = 234:4 m,i.e. 234:4 m away from the nominal IP,� the barrel alorimeter (BCAL) overing � = 36:7Æ to 129:1Æ, with a total depthof 5.3 interation length; the inner radius of the BCAL was R = 134:5 m,� the rear alorimeter (RCAL) overing � = 128:1Æ to 176:5Æ, with a total depthof 4.0 interation length; the RCAL fae was plaed at z = 162:2 m.Uranium was found to be a very suited absorber for hadron alorimetry, sine itprovides a high yield of spallation neutrons, whih in turn an transfer their energyto the atoms in the sintillator. Together with an additional ontribution of photonsfrom neutron apture in the uranium, this helps ompensating the energy losses inhadroni asades arising from the binding energy, nulear �ssion and from undeteteddeay produts. Eletrons and photons do not su�er suh losses. Hene, in typialnon{ompensating sampling alorimeters, average response to eletrons or photons isabout 20 � �40% higher than to hadroni asades with the same energy. Due toutuations in the ontribution of the eletromagneti omponent (originating mainlyfrom the �0 deays) to the hadroni asades this leads to poor hadroni resolution.



64 Experimental setup 3.0

Figure 3.4: Layout of the ZEUS Uranium Calorimeter.All parts of the ZEUS alorimeter, FCAL, BCAL and RCAL were built of alternat-ing layers of 3:3 mm thik depleted uranium plates with 0.2 or 0.4 mm stainless steel,and plasti sintillator plates (SCSN38), 2:6 mm thik. With this proportion betweenthe thikness of the inative and ative material, the ZEUS UCAL had a ratio betweenthe alorimeter response to eletrons and hadrons e=h = 1:00 � 0:03. Thanks toompensation mehanism the UCAL o�ered a very good hadroni energy resolution.The performane of the alorimeter, i.e. linearity of response and the energy resolutionfor eletrons and hadrons had been studied in details with test beams at CERN SPS.The result an be summarised as follows [85℄ (energy E in GeV):� non{linearity of response to hadrons below 1%;� non{linearity of response to eletrons below 1%;� energy resolution for hadrons�E=E = 0:35=pE � 2%; (3.2)� energy resolution for eletrons�E=E = 0:18=pE � 2%; (3.3)� module-to-module energy sale unertainty 1� 2%;� time resolution � 0:7 ns for eletrons above 15 GeV.However, these results were obtained with no inative material in front of the UCAL.In the ZEUS detetor, inative material between IP and UCAL surfae (beam pipe,CTD, solenoid) ould signi�antly inuene energy measurement for both eletronsand hadrons. Corretions applied to redue this e�et are desribe in Set. 4.2.3.The three alorimeter parts were subdivided into modules. The modules weretransversally separated into towers and the towers were in turn longitudinally divided
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Figure 3.5: Layout of the FCAL module. The module is subdivided into eletromagneti(EMC) and hadroni (HAC) towers, whih in turn are divided into ells. A ell is readout on both sides by two wave{length shifter bars.into eletromagneti (EMC) and hadroni setions (HAC). The design of a FCALmodule is shown in Fig. 3.5.The FCAL and RCAL modules were planar and their fae was perpendiular tothe beam axis (see Fig. 3.1), while the BCAL modules were wedge-shaped and theEMC setion is projetive in the polar angle. The EMC and the HAC setions werefurther segmented into ells. Eah EMC setion was segmented transversally into four(in FCAL and BCAL) or two ells (in RCAL) for better eletron identi�ation andposition measurement. The HAC towers in the FCAL and the BCAL were longitu-dinally subdivided into two hadroni ells (HAC1, HAC2). Sintillator plates of eahell were read out by two wave{length shifter plates (WLS) attahed on both sidesof the module. Light from WLS was transferred via light guides to photomultipliersplaed behind the module. Information from two photomultiplier tubes per ell pro-vided reonstrution of the partile position in the ell (from light attenuation in thesintillator) and an additional hek of the uniformity of the readout. The naturalradioativity of 238U was used as a referene signal to alibrate the readout hannelsto a preision of < 0:2%.



66 Experimental setup 3.03.2.4 Forward Plug CalorimeterThe Forward Plug Calorimeter (FPC) [90℄ was a lead-sintillator sandwih alorimeterplaed in the forward diretion of the ZEUS experiment. It was installed in ZEUS in1998 and took data until the HERA I data taking in 2000. The FPC was installedin the 20 � 20 m2 forward beam-hole of ZEUS. It had an internal aperture in orderto host the HERA beam-pipe. The main purpose of the FPC was to inrease theangular overage of the UCAL. The pseudorapidity overage of the alorimeters in theforward diretion inreased from � � 4 to � � 5 with the introdution of the FPC.This improved the ability of the detetor to ollet the proton remnants, having a bigimpat on di�rative analyses based on the large rapidity gap or the MX�method (seeSet. 2.2.3).
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Figure 3.6: Front view of the FPC. The readout ells and the position of the wavelenghtshifters are shown.A shemati view of the FPC is hown in Fig. 3.6. The ative part of the FPC hadouter dimensions of 192� 1080 mm3. The 6:3 m diameter entral hole aomodatedthe HERA beampipe. The harateristis of the FPC were hosen to be similar to theones of the UCAL sine a large fration of the hadroni shower was expeted to beshared with the main alorimeter. The radiation length, X0 = 0:68 and the nulearabsorption length, � = 20 m, are similar to those of the FCAL. The FPC is subdividedlongitudinally into an EMC and a HAC setion whih are readout separately. Eahsetion is further divided into ells. The size of the ells was 24� 24 mm2 in the EMCpart. This size was taken in order to math the Moliere radius of the FPC, RM = 2 m.In the HAC part the ells were bigger, 48� 48 mm2.The energy resolution, �E=E, for pions from test-beam was measured to be [91℄�EE = 0:53 GeV�0:5pE � 0:11� 0:03 log� E1 GeV�where the energy of the pion, E, was measured in GeV.



The ZEUS detetor 3.2 673.2.5 Hadron Eletron SeparatorThe Hadron Eletron Separator (HES) [92℄ onsisted of a layer of silion pad detetors.Its task was to improve the identi�ation of the EMC lusters and the reonstrution oftheir position. The rear part of the HES (RHES) was loated in the RCAL at a depthof 3:3 radiation lengths, i.e. the approximate position of the EMC shower maximum.Eah silion pad had an area of 28:9�30:5mm2, providing a spatial resolution of about9 mm for a single hit pad. If more than one adjaent pad was hit by a shower, a lusteronsisting of at most 3�3 pads around the most energeti pad was onsidered, allowingto reonstrut the position of the inident partile with the resolution of 5 mm. Theforward part (FHES) was loated in a similar position in the FCAL and had the samegeneral properties.3.2.6 Small Rear Traking DetetorThe Small Rear Traking Detetor (SRTD) [93℄ was made of two planes of sintillatorstrips positioned in front of the RCAL lose to the beampipe. It was installed in 1994.Its main task was the detetion and position measurement of low-angles eletronsthat otherwise would have esaped outside the RCAL geometri aeptane. TheSRTD overed the area 68 � 68 m2 entered around the beampipe. A hole of size8�20 m2 aomodated the beampipe. The strips of the two planes had a perpendiularorientation, one along the X�axis and the other along the Y�axis. The strip widthwas 1 m and its thikness was 0:5 m. Its position resolution was � 3:5 mm and itstime resolution was better than 2 ns.3.2.7 The Luminosity MeasurementThe integrated luminosity, L, relates the expeted number of events, N , with the rosssetion for given proess, �: N = L�. Thus, a preise determination of the luminosityis essential for any ross setion measurement in a high energy physis experiment.The luminosity of ep{ollisions at HERA was determined from the measurement of therate for the bremsstrahlung proess ep ! ep [94℄. As the theoretial ross setion isknown to an auray of 0:5% from QED alulations, a measurement of the photonrate permits a preise determination of the ep{luminosity.Fig. 3.7 shows the layout of the HERA magnet system in the bakward diretion(Z < 0), where the ZEUS luminosity detetors were plaed. Luminosity measurementwas performed in the two lead/sintillator eletromagneti alorimeters plaed at Z= �34 m (LUMIE) and Z = �107 m (LUMIG).Photons with a polar angle. � , j� � � j < 0:5 mrad originating from the brems-strahlung proess ep! ep were deteted by the LUMIG detetor [95, 96℄. The energyresolution of LUMIG was measured, under test-beam onditions, to be 18%=pE withthe energy E measured in GeV. However, the arbon lead �lter plaed in front of thedetetor to shield it against synhrotron radiation degraded the resolution to 23%=pE.The impat position of inoming photons ould be determined with a resolution of0:2 m in X and Y , using 1m wide sintillator strips installed at a depth of 7X0
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Tagger 8m

LUMI System

Tagger 44mFigure 3.7: Loation of ZEUS detetors in negative Z-diretion. Shown are the gamma(LUMIG) and eletron detetors (LUMIE) used for the luminosity measurement.within the detetor. LUMIG was also used to determine the eletron beam tilt and tomeasure photons from initial{state radiation.The LUMIE alorimeter [95, 96℄ was designed to measure the eletrons from theproess ep ! ep in oinidene with photons measured in the LUMIG detetor. Itwas plaed at Z = �35 m and deteted eletrons with polar angles of less than 5 mradwith respet to the eletron beam diretion. The measurement was restrited to thelimited energy range, from 7 to 20 GeV. For these energies, eletrons deeted by theHERA magnet system left the beam pipe at Z = �27 m through an exit window infront of LUMIE (similar to the one in front of the LUMIG detetor). The LUMIEdetetor had an energy resolution of 18%=pE (under test-beam onditions). It turnedout that eletron tagging in LUMIE is not neessary for a preise measurement ofthe luminosity. On the other hand, the LUMIE detetor proved to be very useful forphysis analysis, to tag the so alled photoprodution events.3.2.8 Trigger and Data Aquisition SystemsThe short time between bunh rossings at HERA, 96 ns, (equivalent to a rate ofabout 10 MHz), was a tehnial hallenge for detetor onstrution and put stringentrequirements on the ZEUS trigger and data aquisition systems. The rate of interestingep physis events whih should be measured in the ZEUS detetor and stored for theanalysis was of the order of a few Hz [97, 98, 99, 103℄, while the total interationrate (any signal in the detetor), whih was dominated by bakground from upstreaminterations of the proton beam with residual gas in the beam pipe, was of the order10{100 kHz. Other important bakground soures were eletron beam gas ollisions,beam halo and osmi events. ZEUS detetor readout was based on a sophistiatedthree-level trigger system developed to eÆiently selet ep physis events while reduingthe rate to a few Hz. A shemati diagram of the ZEUS trigger system is shown inFig. 3.8.
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Figure 3.8: Shemati diagram of the ZEUS trigger and data aquisition systems.The First Level trigger (FLT) [98℄ was a hardware trigger, designed to redue theinput rate below 1 kHz. Eah detetor omponent had an own FLT-dediated partthat developed a trigger deision within 2 �s after the bunh rossing. The deisionsfrom the loal FLTs were passed to the Global First Level Trigger (GFLT), whihdeided whether to aept or rejet the event, and returned this deision to the readoutomponents within 4.4 �s. The relevant information used at the GFLT was based onUCAL energies (e.g. total transverse energy, missing transverse momentum), CTDtraks (e.g. number of traks, vertex position) and hits in the muon hambers. For thetime needed to develop �nal GFLT deision the omponent data were stored in analogor digital pipelines.If the event was aepted, the data was read out and transferred to the omponentSeond Level Trigger (SLT). The event variables reonstruted at the SLT level hada better resolution than those at the FLT. Moreover, some new information was avail-



70 Experimental setup 3.0able at the SLT. The most important one was the UCAL timing, whih was very usefulin rejeting non{ep bakground events. The SLT was designed to redue the eventrate to about 50-100Hz. Eah detetor omponent had its own SLT, whih passedalulated trigger quantities to the Global Seond Level Trigger (GSLT) [100℄.If the event is aepted by the GSLT, all detetor omponents sent their ompletedata to the Event Builder (EVB) [101℄, whih ombined all the data for an event intoa single reord of a database table (ADAMO tables [102℄). This was the data strutureused for the ZEUS data storage. Combined data were sent to the Third Level Trigger(TLT) [103℄ whih was based on the o�ine reonstrution ode and seleted eventsaording to spei� physis requirements. It was designed to redue the rate to a fewHz.



Chapter 4Data sample and eventreonstrutionIn this hapter the data sample analysed is desribed, inluding all the Data QualityMonitoring (DQM) ontrols required. The data sample olleted is proessed by areonstrution hain whih extrats the basi physial quantities needed for the anal-ysis. The sattered eletron reonstrution, the extration of the most important DISquantities, the measurement of the four-momenta of the partiles produed in the ol-lision, the kinematial properties of the jets and the alulation of di�ration relatedvariables are desribed. The treatment of the inative regions of the ZEUS detetorthat bias the reonstrution is also explained.4.1 Data sample usedThe data analysed were olleted during the years 1999 and 2000. Data oming fromboth e+p and e�p ollisions were used. The entre-of-mass energy was 318GeV.In order to obtain a reliable dataset for the following analysis all the main ompo-nents of ZEUS needed to be ative and well-working. This was heked by the ZEUS"take" routines whih set a run-based veto in ase a partiular omponent of the de-tetor malfuntioned or did not funtion at all. The routines themselves onsists ofDQM jobs performed by the omponent rews. The main requirement for the analy-sis (EVtake routine) was the simultaneous orret working of the traking hamber(CTD), the alorimeter (CAL), the trigger and the luminosity detetors. Moreover theoverall number of FPC hannels with hardware problems (most of the times relatedto the high-voltage power supply) was reorded on a run-by-run basis (FPCtake rou-tine). Runs in whih the FPC was not taking data or had any hardware problemswere rejeted. During the year 2000, data with the vertex position shifted with respetto the nominal z-position were also taken: the orresponding integrated luminosity of0:815 pb�1 was also exluded from the analysis.The total integrated luminosity analysed is 61.3 pb�1, as summarised in Tab. 4.1.71



72 Data sample and event reonstrution 4.0Year Interation Luminosity ( pb�1) Luminosity ( pb�1)after EVtake after EVtake+FPCtake1999 e�p 3.2 3.21999 e+p 16.2 12.72000 e+p 45.4 45.4Total 64.8 61.3Table 4.1: ZEUS data samples used for the analysis divided into year and interatingbeams. The luminosity is given after the EVtake ag seletion in the third olumnand with the additional requirement of no veto from FPCtake in the fourth olumn.4.2 Event ReonstrutionThe basi informations needed to perform the analysis are the four-momenta of theharged partiles obtained from the traks deteted by the traking system and the en-ergy lusters in the alorimeters. From them, one an extrat the kinemati propertiesof the event and reonstrut all the quantities needed for the signal seletion. In thefollowing all the reonstrution steps relevant in this analysis are desribed.4.2.1 Trak and energy lusters reonstrution4.2.1.1 TrakingCharged partiles passing through the CTD ause signals on the CTD wires (hit) whihare digitised in terms of time and amplitude. This raw information is transformedo�ine into the spatial positions of the hits whih are then passed as input to the trakreonstrution pakage VCTRACK [104℄ for pattern reognition, trak �t and vertex�t. The pattern reognition assoiates the CTD hits ompatible with the same trak.First a "seed" is set by looking for three hits in three di�erent outer axial superlayerslying in a ommon area in the XY plane. Only the outer CTD superlayers are usedbeause there the trak density is lower and the pattern reognition is therefore easier.Then a two-step proedure is performed starting from the seed: in the �rst step, a irlein the XY plane is �tted to the spae hits. Then a �rst rough projetion in the z-diretion is provided by a z-by-Timing algorithm whih exploites the signal propagationtime along the CTD wires in order to restrit the regions where to look for stereo hits,improving further the 3D estimation of the trajetory. One all the seeds in the outersuperlayers have been assoiated to a trak, the trak seed is extrapolated inward.The trajetory parameters are updated with inreasing preision as additional hits aregathered. Trak segments an be assoiated to only one trak andidate.One the pattern reognition phase is aomplished, a �t to the hits assoiated to thetrak andidates estimates the trak parameters. The �tted trajetory of the partilepassing through the CTD is a �ve-parameter axial helix sine the magneti solenoidal�eld is almost parallel to the z-axis. During this proedure, several orretions for badhits, drift veloities inhomogeneities and Coulomb sattering are applied.



Event Reonstrution 4.2 73The last part of the trak reonstrution is the reonstrution of the verties, boththe primary and the seondary ones. The vertex information is used then to onstrainthe traks and another trak �t like the one desribed above is performed.4.2.1.2 Calorimeter lusteringThe eletri signals oming from the alorimeter-ell photomultipliers (PMTs) are on-verted into energies aording to alibration onstants determined from alorimeter-module test beam measurements. The signals are orreted for energy absorption byinative material in front of the CAL and noisy ells - i.e. ells with not-properlyworking PMTs. A ell is tagged as noisy if no neighboring ell has a signal and the ellsignal amplitude is less than 80MeV for ells in the eletromagneti setion (EMC) and140MeV for ells in the hadroni setion (HAC). The ells are then grouped into ellislands for estimating the total energy deposit by a partile in the CAL. The ells aremerged only if their signal is above the noise threshold and if they are ontiguous. Thelustering algorithm works on eah CAL part (Front, Barrel, Rear) and eah setionseparately. Cell islands in EMC and HAC are then merged into a one island only ifmathed to a ommon angular one pointing to the primary vertex.4.2.2 Identi�ation of the sattered eletronIn any DIS analysis the orret and eÆient identi�ation of the sattered eletronis fundamental. The reonstrution of its kinematial properties is also needed forthe evaluation of many kinematial quantities used in the analysis. The satteredeletron identi�ation was arried out by means of the Sinistra Neural Network (NN)algorithm [105℄. The NN exploits the di�erent transverse and longitudinal developmentof showers in the alorimeter oming from eletrons or photons and those from hadrons.Typially, eletromagneti partiles deposit their energy mostly in the EMC and thetransverse size of the shower is smaller than that of hadrons. Sinistra uses as inputquantities related to the energies read by the PMTs of the ells belonging to a ommonisland and gives as output the probability that the onsidered island was originatedby an eletron or by a photon. The NN was trained on MC events. In this analysis,the island is onsidered as an eletron andidate if the output probability is Pelluster >0:9. The probability distributions for hadroni and eletromagneti lusters given bySinistra running on a MC sample is shown in Fig. 4.1.The eÆieny and purity 1 as a funtion of the energy of the sattered eletron fora given MC sample is shown in Fig. 4.2. It may happen that more than one eletronandidate is found. In this ase the one with the highest energy is onsidered as DISsattered eletron.The eletron position was �rst reonstruted using the CAL information alone.The CAL-estimated position is obtained from the logarithm-weighted entre-of-mass1In this ontext, purity is de�ned as the fration of lusters with probability higher than 0.9 thatare e�etively eletrons and not misidenti�ed hadrons.
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Figure 4.1: Probability distribution for a given luster to be an eletromagneti lusterusing the Sinistra eletron �nder (from [105℄).

Figure 4.2: EÆieny and purity to identify the sattered lepton with Sinistra as afuntion of reonstruted energy for a DIS MC generated with Q2 > 2:2GeV 2 andy > 0:4 (from [105℄).



Event Reonstrution 4.2 75energy2 of the ells belonging to the luster aording to the following formula [106℄:~r = Piwi~riPiwi ; (4.1)with wi = max(0; [W0 + ln( EiPiEi )℄);where the sums run over the ells belonging to the luster and ~ri = (xi; yi; zi) isthe position of the enter the i-th ell and the parameter W0 is a ut o� determinedin order to redue systemati biases. In ase the CAL-estimated position are withinthe aeptane of the rear part of the hadron-eletron separator (RHES) or of thesmall rear traking detetor (SRTD), the information of these two other detetors wasused. The granularity in the RHES and SRTD is higher than in the CAL, therefore animprovement in the position reonstrution an be ahieved if the information omingfrom the former two omponents is used. An algorithm deides whih information touse aording to the position of the eletron, preferring �rst the SRTD, then the RHESand only at last the rear CAL (RCAL). The resolution obtained in this way on theeletron sattering angle, for eletrons with energy higher than 10GeV deteted in theRCAL, varies from the 7 mrad using the CAL to the 2 mrad using the SRTD3, asshown in Fig. 4.3.4.2.3 Energy Flow Objets reonstrutionThe relative energy resolution of the CAL degrades with the derease of the energyof the inoming partile (see Eq. (3.2)). It is therefore onvenient to exploit the in-formation of the CTD for low-momentum harged partiles by means of Energy FlowObjets (EFOs)[107, 108℄. The EFO algorithm determines the energy of a partileusing either the trak momentum or the island energy. EFOs are made by either asingle trak with no CAL luster mathed or a one island without mathed traks orone islands mathed to traks (see Fig. 4.4). In the latter ase, the algorithm hooseswhih information to use aording to the following riteria [108℄:� in ase of a 1-to-1 trak-island math, the following requirements have to besatis�ed in order to prefer the CTD information to the CAL one:{ ECALpT < 1:0+1:2 �� �ECALpT �; the transverse momentum of the trak, pT , mustbe higher than the one island energy, ECAL, onsidering also the unertaintyon this ratio, � �ECALpT �.2With this logarithmi weights, biases due to the varying ell projetivity as seen from the vertexare redued. Furthermore, in this way the exponential fallo� of the shower energy is onsidered.3The resolution here is de�ned as the half width at the half maximum of the distribution of theresiduals.
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Figure 4.3: Resolution on the eletron sattering angle for MC events using CAL,RHES or SRTD for reonstruting the eletron position. Events with a reonstrutedvertex, 45 < E � pZ < 65GeV and a sattered eletron andidate with an energyE 0e > 10GeV were used.{ �(pT )pT < �(ECAL)ECAL , the resolution on the trak transverse momentum must bebetter than the one on the alorimeter luster. The two resolutions areshown in Fig. 4.5.� for ases like 1-to-2, 2-to-1, 1-to-3 the above requirement for the trak-islandmath are still used with the presription of replaing the quantities related toluster energy and transverse momentum with the total sum over the di�erentlusters or traks.In all ases the 4-momentum of the EFO is obtained by assuming that the partileis a pion.The EFO algorithm has also the task of identifying baksplashes. Baksplashes areenergy deposits at very large polar angles in the RCAL that are not aused by partilesgenerated in the primary interation. Possible soures are neutral partiles generatedin the front CAL (FCAL) whih travel through the entire detetor, partiles showeringin the inative material in front of the RCAL or noisy ells. The algorithm that tags aluster as baksplash uses the angle and energy of the deposit as inputs. Baksplashesan alter signi�antly the E�pZ measured in an event beause of their large angle andtherefore they are rejeted in many analyses. In a di�rative analysis the typial valuesof xBj are very small; this boosts the system bakwards, making the identi�ation ofbaksplashes problemati and inreasing the risks of exluding good lusters. For thisreason no baksplash subtration was applied in this analysis. A study on the impatof the baksplashes has been arried out. In Fig. 4.8 the distribution of the E�pZ for asample of di�rative DIS events is shown with and without the baksplash subtration.
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Figure 4.4: Shemati piture of the EFOs reonstrution. The EMC ell islands 2 and3 are mathed to the HAC ell island 1 to form a one island. The one island and theisolated EMC ell island 4 are mathed to a trak to form two separate EFOs. Othertwo EFOs are made by the isolated EMC ell island 5 and the unmathed trak.One an notie how the peak of the distribution is loser to the kinematial peak at55GeV.The EFOs are orreted for inative material using the DMCO orretions [109℄.Suh orretions take into aount the energy loss of the EFOs before the alorimeter.They were estimated on a MC basis using Geant 3.13 [110℄ for simulating the detetorand are applied to both data and MC simulation. The amount of inative materialestimated is shown in Fig. 4.6. The energy losses due to the inative material an berelevant for low-energies partiles produed in the physis sample under study. Thus, astudy on an alternative parametrisation of the e�et of the inative material was arriedout in order to understand the impat of di�erent hoies in the detetor desription.The so-alled "Vosselbeld-Ohs" (VO) orretions were estimated by requiring thebalaning in ET of the hadroni system and the DIS eletron in high-Q2 DIS events[111, 112℄. The orretion fators in bins of � have the following analytial formCorr = 1 + A1EA2 (4.2)where E is the energy of the EFO and A1 and A2 are two parameters depending onthe polar angle and are di�erent for data and MC. The advantage of suh a method isto have two independent parametrisations, one for the data and one for the MC. Onthe other hand the partiular funtional form hosen is unfortunate for a di�rativeanalysis. As seen in Fig. 4.7, for very forward angles the relatively large size of theparameters and the funtional form of Eq. (4.2), whih diverges for low energies, angive very high orretions. This auses the rejetion of good di�rative events, forwhih the presene of a large rapidity gap and little energy in the forward diretion
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Figure 4.5: Resolution of the EMC energy for a single partile MC (full dots) andresolution of CTD on the transverse momentum (open irles) (from [108℄).are required. In Fig. 4.8 the distributions for the events seleted from the data sampleobtained with the two di�erent sets of inative material orretions are ompared. Itan be seen that the total number of events seleted using the DMCO orretions isabout 10 % higher than the one obtained using the VO orretions. The �nal impat onthe ross setions is smaller, anyway, due to a hange also in the aeptane estimatedwith the MC. It was hosen to keep the DMCO orretions beause of the higheraeptanes obtained using them and the large size of the VO orretions at forwardpolar angles.The desription of the inative material and the energy sale of the alorimeterby the MC an be heked by omparing the balaning of the transverse momentumbetween the sattered eletron and the hadroni system. The total momentum isobtained by summing the momentum vetors of the sattered eletron and the hadronisystem omposed by all the reonstruted EFOs. The total transverse momentum,pTOTT , after the �nal seletion (see Set. 6.1) is presented in Fig. 4.9. As expeted frommomentum onservation, the distribution is strongly peaked at zero. The tail at highervalues of pTOTT is due to detetor e�ets. However, the most important aspet is theorret desription of the data by the MC. This guarantees a good simulation of thealorimeter energy sale and the energy losses due to the inative material.4.2.4 Reonstrution of DIS kinematisThe quantitiesQ2 and xBj, that de�ne the kinematis of a DIS event, were reonstrutedfrom the partiles measured in the detetor. Several methods have been developed ex-ploiting the overonstrained kinematis of the DIS proess. In this analysis the DoubleAngle method (DA) was used [113℄. The measured quantities needed for estimatingthe kinemati variables with this method are:� Ee, the initial energy of the inoming eletron;� Ep, the initial energy of the inoming proton;
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Figure 4.6: Distribution of the inative material in front of the CAL in units of ra-diation lengths, X0, in the � � � plane as implemented in the MC simulation of thedetetor (from [109℄).� �e0 , the polar angle of the sattered eletron;� Æh = NhadXi=1 Ei � pZ;i, the sum of E � pZ of the whole hadroni system, i.e. all thepartiles measured in the detetor exept the DIS eletron;� pT;h =q(PNhadi=1 pX;i)2 + (PNhadi=1 pY;i)2, the total transverse energy of the hadronisystem.� h = aosp2T;h�Æ2hp2T;h+Æ2h , the polar angle towards whih the whole hadroni system isdireted.From these variables one an reonstrut Q2 and xBj with the following relations[113℄: Q2DA = 4E2e sin h (1 + os �e0)sin �e0 + sin h � sin(�e0 + h) (4.3)xBj;DA = EeEp sin �e0 + sin h + sin(�e0 + h)sin �e0 + sin h � sin(�e0 + h) (4.4)In the QPM piture, h estimates the polar angle of the sattered quark. The valueof W is then alulated exploiting Eq. (2.13).
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Figure 4.7: Energy orretions for di�erent � bins applied to EFOs for data and MCaording to the VO parametrisation.The basi feature of the DA method are that� experimentally the diretions of the partiles are measured with better preisionthan their energies;� the resulting kinematis are weakly sensitive to alorimeter misalibrations, sineangles and not energies are entering in the formula;� the very good hermetiity of ZEUS allows a very good reonstrution of thehadroni system. The proton-remnant partiles lost in the forward region notovered by the detetor ontribute only to a small fration of the values of Æh andpT;h.This method is the best performing over a large part of the phase spae. Theresolution ahieved on the kinemati variables is shown in Appendix C.4.2.5 Jet reonstrutionDue to the on�nement property of oloured partiles, no isolated quark an be ob-served in nature. The only observables are hadrons produed in the ollision whihan merge into jets as desribed in Set. 2.1.7. Therefore an algorithm is needed tomerge the hadrons originating from the same parton into a reonstruted jet whosekinemati properties resemble as muh as possible the ones of the primordial parton.In this analysis the longitudinally-invariant kT algorithm was used [29, 30℄. The mainfeatures that this algorithm provides are [29℄:i) infrared (IR) and ollinear safe; this allows the ross setion to be alulated inperturbation theory absorbing IR and ollinear divergenies. The �rst divergenyis due to the emission of arbitrarly soft (i.e. small energy) partiles from thepartons originated in the dijet proess; the harateristis of the jets reonstruted
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Figure 4.8: Distributions of the events seleted from the data sample using the DMCOorretions without the baksplash subtration (dots) and the VO orretions with bak-splash subtration (squares) as orretions for the inative material. The distributionsare shown as a funtion of �MAX, the pseudorapidity of the most forward EFO reon-struted in the event (left) and as a funtion of the total reonstruted E � pZ (right).Only a subsample of the total available luminosity was used for these plots.by the kT algorithm remains unhanged by adding any number of these softpartiles. The ollinear divergeny ours when two partiles are emitted in thesame diretion. The kT algorithm merges the two ollinear partiles into one withtheir ombined momenta;ii) simple to use in experimental analyses;iii) simple to use in theoretial alulations;iv) subjet to small hadronisation orretions;v) able to fatorise initial-state ollinear singularities into universal parton densities;this means that the algorithm has to be able to onserve the QCD fatorisation.vi) not strongly a�eted by ontamination from hadron remnants and the underlyingsoft event.This algorithm was run on the EFOs present exluding the one assoiated to theDIS sattered eletron. The merging proedure was the following:1. for every pair of objets with four-momenta i and j, a loseness, dij, betweenthem was de�ned asdij = [(�i � �j)2 + (�i � �j)2℄ minfp2T;i; p2T;jg (4.5)2. a loseness to the beam, di, was alulated for eah four-momenta:di = p2T;iR (4.6)where R is the � � � radius of the one enveloping the proton remnant. In thisanalysis R was set to 1.
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Figure 4.9: The distribution of the total transverse momentum, pTOTT , of the reon-struted �nal state for the sample passing the entire seletion hain. The simulationprodued with Rapgap (solid line) is ompared to the measured data (full dots) afterhaving been resaled to the area of the data distribution.3. the next step depends on what is the smallest value among dij; di.� if it is di, exlude the i-th objet from the next iterations. Sine now thei-th objet is de�ned as a marojet.� if it is dij, the two four-momenta are merged into a protojet whose four-momentum is de�ned by a presription alled reombination sheme.4. this proedure is repeated until only marojets are remaining. Note that at theend all the initial four-momenta are assoiated to marojets by the algorithm.Sine at every iteration one four-momentum is exluded, the number of iterationsneeded is equal to the initial number of four-momenta.There are several di�erent reombination shemes suitable to an analysis in epollisions. The one used here was the pT -weighted sheme. Under this presription thetransverse momentum, pT;(ij), pseudorapidity, �(ij), and azimuthal angle, �(ij), of theprotojet oming from the merging of the i-th and j-th partile are de�ned as4pT;(ij) = pT;i + pT;j ; (4.7)�(ij) = pT;i�i + pT;j�jpT;(ij) ; (4.8)�(ij) = pT;i�i + pT;j�jpT;(ij) : (4.9)4The transverse momenta enter these formulae as salar quantities.



Event Reonstrution 4.2 83The jets are reonstruted after having boosted the �nal state system in a refereneframe where the photon and the proton ollide head on. This referene frame an bethe Breit frame (see Set. 2.1.3.1 ) or the  � p frame. In the latter frame, the photon-proton entre of mass is at rest. These two di�erent frames are equivalent exept fora boost along the proton diretion. Beause of a property of the algorithm, the �naloutome will be the same, i.e. the partiles will be merged always in the same jets. Thehoie of the  � p frame is very suited for jet analyses in DIS. In fat, the quark strukby the � inverts its diretion while the proton remnant keeps travelling in the formerdiretion. In this way one ahieves a maximal separation between the two systems, thehard �nal state and the proton remnant.4.2.6 Reonstrution of di�rative variablesAs introdued in Eq. (2.45) and (2.58), the fration of the proton longitudinal momen-tum arried by the di�rative exhange,xIP , and the fration of the di�rative exhangelongitudinal momentum arried by the parton entering the hard subproess, zIP , requirethe four-momenta of partons that are not diretly measured in the detetor. Experi-mentally, one uses estimators for the two variables, xobsIP and zobsIP . They are de�ned asfollows xIP = (p� p0) � qp � q � xobsIP = Q2 +M2XQ2 +W 2 (4.10)zIP = q � vq � (p� p0) � zobsIP = Q2 +M2jjQ2 +M2X (4.11)whereMX is the invariant mass of the di�rative system produed in the interation.MX was reonstruted from the EFOs with the following formulaMX =vuut NhadXi=1 Ei!2 � NhadXi=1 ~pi!2 (4.12)where the sums run over the total number of EFOs. Mjj is the invariant mass ofthe two highest-ET jets. In the MC, even though the information on the parton mo-menta is available, this de�nition of xobsIP and zobsIP is used suh to adopt a onsistentreonstrution proedure over all the analysis.4.2.7 Reonstrution of xThe variable x indiates the fration of � longitudinal momentum entering the hardsubproess. It was introdued in Eq. (2.57) with a de�nition that uses the four-momenta of partons partiipating to the interation. Sine these four-momenta arenot diretly measurable in the detetor, an estimator for x is used in the analysis,



84 Data sample and event reonstrution 4.0xobs . The de�nition of xobs is xobs = 2Xj=1(Ej � pZ;j)LAB(E � pZ)LABTOT (4.13)In Eq. (4.13), all the quantities are measured in the laboratory referene frame.The sum in the numerator inludes the two jets with the highest transverse energyas measured in the �p frame and the total E � pZ in the denominator is alulatedonsidering only the hadroni system.



Chapter 5Monte Carlo samples andtheoretial alulationsSeveral theoretial models and simulations were used to extrat the ross setions andto desribe the data. Leading Order (LO) MC were used for the bakground estimationand the orretion of the data for detetor e�ets. The Next-To-Leading Order (NLO)alulations were obtained by modifying a program that normally ould not be ableto be used in the di�rative formalism. The features of the NLO program and theproedure arried out in order to adapt it to the di�rative ase are also desribedhere.5.1 Monte Carlo simulationThe LO MC used for the simulation of the signal were Rapgap and Satrap . Djan-goh was used for the simulation of the bakground due to non-di�rative DIS. They allused parton shower models in order to mimi the e�et of higher-order QCD terms. Allthe MC samples were produed applying a �rst loose jet seletion in order to redue theamount of data generated. A omprehensive list of all the MC samples used, togetherwith their luminosities and the most important kinematial parameters is presented inTable 5.1.5.1.1 RapgapThe Rapgap v2.08/18 [114℄ was used to simulate the di�rative signal. Rapgap isbased on the resolved-pomeron model. The "H1 �t2" dPDFs [115℄ were used for thesamples generation. Although these dPDFs have been superseded by new and morere�ned �ts, in the Rapgap version used they were the most updated hoie available.The pomeron ux adopted was the same Regge-motivated funtional form used in theextration of the dPDFs [115℄:fIP=p(xIP ) = Z tmintut eBIP tx2�IP (t)�1IP dt (5.1)85



86 Monte Carlo samples and theoretial alulations 5.0The two parameters, �IP and BIP, are proess-dependent quantities whose valueswere set to 0:25 and 4:0GeV�2 respetively. The value of the pomeron ux is inte-grated over the squared four-momentum transferred at the proton vertex1, t, sine thesattered proton momentum is not measured with the Large Rapidity Gap method.The limit tmin is the maximum kinematially allowed value of t while tut = �5 GeV2is a limit set by the measurement apparatus.The parton-shower simulation was based on the matrix-element parton shower(Meps) model [116℄. Three di�erent Rapgap samples were produed: two diret-photon samples (di�ering by the quarks produed in the hard sattering, one with onlylight quarks and the other with harm quarks only) and one resolved-photon sample(with all avours allowed to be produed in the hard sattering). In resolved proesssimulation, the GRV-G-HO photon parton densities were used [73℄. The three sampleswere then summed taking in aount di�erent absolute normalisations for the threeross setions as evaluated in Set. 6.3. No sub-leading mesoni Regge trajetorieswere inluded in the generation, thus this sample is purely di�rative.The QED radiative e�ets from initial-state (ISR) and �nal-state (FSR) radiationwere simulated with the Herales program [117℄. The hadronisation of partons intohadrons after the parton shower was modeled aording to the Lund model [118℄ withJetset 7.4 [119℄. The harm quark fragmentation funtion used was the Petersonfuntion [120℄ with the fragmentation free parameter set to �Q = 0:035, as usual inheavy avour analyses [121, 76℄.5.1.2 SatrapAnother signal sample was generated with Satrap [65℄. Satrap is based on the Gole-Biernat-W�ustho� model of di�ration (see Set. 2.2.4). The parameters of the modelwere determined from �ts to the total �p ross setion. The Satrap generator isinterfaed to Rapgap , therefore this sample used the same programs and parametersof Rapgap for the simulation of higher-order e�ets and the hadronisation. In theimplementation of this sample only qq and qqg terms are onsidered. More omplexontributions that would take in aount any hadroni struture of the photon are notpresent with the result that this MC does not inlude any resolved photon ontribution.Di�erently from the Rapgap sample, the parton shower in Satrap is based on theColour Dipole Model (CDM) [122℄.5.1.3 DjangohThe bakground oming from non-di�rative dijet DIS events was estimated with aninlusive DIS sample simulated with the Djangoh MC v1.1 [123℄. This program usedDjango as event generator and Herales for modelling the initial and �nal stateQED radiation. The CTEQ4D proton PDFs [124℄ were used in the generation. TheQCD asade was simulated with the Colour Dipole Model as implemented inAriadne[125℄. More informations about the generation of the sample used an be found in theRef. [126℄.1Notie that t is de�ned as a negative number.



NLO alulation 5.2 87Sample Luminosity( pb�1) Kinemati range NotesRapgap -LQ 842.592 Q2 > 2GeV2, y > 0:001 Diret-photon, light quarksonlyE�T;jj > 2:5GeV, Resolved pomeron model�5:0 < ��jj < 3:0 H1 �t2 dPDFsRapgap -CC 793.586 Q2 > 2GeV2, y > 0:001 Diret-photon, harm quarkonlyE�T;jj > 2:5GeV, Resolved pomeron model�5:0 < ��jj < 3:0 H1 �t2 dPDFsRapgap -RES 1913.0 Q2 > 2GeV2, y > 0:001 Resolved-photonE�T;jj > 2:5GeV, GRV-GO-HO photon PDFs�5:0 < ��jj < 3:0 Resolved pomeron modelH1 �t2 dPDFsSatrap 164.179 Q2 > 2GeV2, y > 0:001 Saturation modelE�T;jj > 2:5GeV,�5:0 < ��jj < 3:0Djangoh 13.117 Q2 > 3GeV2 CTEQ4D proton PDFsTable 5.1: List of the MCs used in the presented analysis. The �rst olumn indiatesthe sample, the seond olumn the generated luminosity of the sample, the third thekinematial range where the events were produed and the fourth the most relevantaspets of the samples.5.1.4 Detetor simulationAfter being generated, the MC events were passed to the detetor simulation hain.The programMozart was used to simulate the ZEUS detetor. Mozart implementedby means of the Geant 3.13 pakage the ZEUS geometry as well as the the responseof the detetor omponents to the partiles passage. Geant is a multi-purpose MCwhose task is to simulate all the physis proesses relevant to desribe the energy lossesand the multiple sattering of the partiles passing through the detetor. The triggersimulation was arried out with the program Zgana whih uses the output omingfrom Mozart. After the trigger simulation the physis quantities were reonstrutedby exatly the same ode used for the data.5.2 NLO alulationAs introdued in Set. 2.2.7, the validity of the QCD fatorisation theorem in di�rationan be heked by omparing the measured ross setion for prodution of di�rativedijets with the Next-to-Leading Order (NLO) alulation using the di�rative PDFs(dPDFs) extrated from the inlusive data. One of the main parts of the analysispresented in this thesis was therefore related to the alulation of the NLO predition.



88 Monte Carlo samples and theoretial alulations 5.0The program used for the alulation at the order �2S was Disent [127℄. Disent is aprogram able to perform alulation of jet prodution in DIS ep ollisions both at order�S and �2S. This program provides preditions only at the level of partons emergingfrom the hard interation. Disent works natively only in the non-di�rative ase. Onthe other hand the model most ommonly used to desribe di�rative proesses is theresolved pomeron model that relies on the proton vertex fatorisation (see Set. 2.2.2).As a onsequene the dPDFs are fatorised into a pomeron (IP ) ux (depending only onxIPand t)2 and IP -PDFs (depending on Q2 and zIP , the fration of the IP longitudinalfour-momentum taken by the parton entering the hard sattering subproess). Inorder to obtain the NLO ross setion for di�rative ep interations, the programmust alulate the NLO ross setion for e-IP ollision, multiply it for the IP -ux andintegrate over the xIPand t kinematial range.The Disent program was modi�ed suh to arry out the alulation in the followingway:1. Divide the xIP range into many intervals. In the alulation presented here, 150di�erent values of xIPwere onsidered, evenly spaed between xIP;min = 0:0025 andxIP;max = 0:03.2. For eah of these values, sale down the proton beam energy by a fator xIP .3. Replae the proton PDFs with the IP -PDFs.4. Calulate the NLO ross setion with Disent.5. Multiply it by the t-integrated pomeron ux alulated separately.6. At this stage, the ross setion given by the program is the NLO preditionfor di�rative ep DIS at �xed xIP . In order to have the ross setion over thewhole xIP range, the steps above are repeated for all the xIPvalues and the rosssetions at di�erent xIPare summed. For a suÆiently �ne xIPbinning this stepapproximates an integration over xIP .The alulation of the hard-proess matrix element was performed in the MSsheme with �ve ative avours. Sine only a limited number of orders are onsid-ered in the perturbative expansion of the matrix element, a sale dependene in thepredition is still present. The renormalisation sale, �R, was set equal to E�T;j1, whereE�T;j1 is the transverse energy of the highest transverse energy jet in the event (theleading jet) as measured in the �p entre-of-mass frame. This hoie was justi�ed bythe fat that the leading-jet transverse energy was the higher (thus dominant) sale forthe most of the events. The fatorisation sale was set to Q2 3. The evolution of thestrong oupling onstant with the renormalisation sale was alulated with the QCD-num program [128℄. QCDnum wants as input the value of �S at a sale �R = MZ ;the value set was �S(MZ) = 0:118.2In all the available dPDF sets, the parametrisation of the IP -ux is given after integrating overthe kinematially allowed range in t, suh that it depends only on xIP .3A more natural hoie for the fatorisation sale would have been E�T;j1 but this ould not be donebeause of limitations in the Disent program.



NLO alulation 5.2 89The auray on the dPDFs �ts is not at the level of the proton ones, due tolimited preision of the measurement. Furthermore many di�erent data sets an beused. These data sets are not always ompatible over the entire kinematial range. Forall these reasons the dPDFs parametrisation an give quite di�erent results in ertainkinematial regions. This an be seen in Fig. 5.1 where several dPDFs are omparedas funtion of the reonstruted zIP , zobsIP , in di�erent bins of Q2. The alulation wasrepeated with di�erent sets of dPDFs in order to disriminate among the dPDFs theones providing a better desription of the dijets data, given the validity of the QCDfatorisation theorem for di�ration.The following dPDFs were used:� the ZEUS LPS+harm [53℄ - the result of an NLO DGLAP QCD �t to theinlusive di�rative struture funtions measured by the ZEUS experiment withthe leading proton spetrometer (LPS). In order to better onstrain the dPDFs,measurements of D� prodution ross setion in di�rative DIS [75℄ were alsoinluded. The �t was restrited to the region xIP < 0:01;� the H1 2006 dPDFs [60℄ - the result of an NLO DGLAP QCD �t to a sampleof inlusive di�rative struture funtions measured by the H1 Collaboration.Two di�erent parameterisations are available (Fit A and B) whih di�er in theparametrisation of the gluon distribution at the starting evolution sale. Thedata used as input to the �t were restrited to the region Q2 > 8:5GeV2; zobsIP <0:8. Sine the H1 measurements were not orreted for the ontribution due toevents where the proton dissoiated into a low-mass state (proton dissoiationbakground), in the omparison with the data the alulations were renormalisedby a fator 0:87 [60℄;� the Groys-Levy-Proskuryakov (GLP) dPDFs [130℄ - the result of an NLO DGLAPQCD �t to a sample of inlusive di�rative struture funtions measured by theZEUS Collaboration with theMX method [63℄. The data used in this �t were notorreted for proton dissoiation bakground, therefore the obtained prediitonswere saled by a fator 0:70� 0:03 [63℄;� the Martin-Ryskin-Watt 2006 (MRW 2006) dPDFs [131℄ - the result of a �t tothe same data set as for the H1 2006 �t. Regge fatorisation is assumed onlyat the input sale. The dPDFs are then evolved with an inhomogeneous evolu-tion equation analogous to that for the photon PDFs. The inhomogeneous termaounts for the perturbative Pomeron-to-parton splitting. The inhomogenousterms in the evolution equation are additional to the usual NLO DGLAP termsand aount for the perturbative Pomeron-to-parton splitting.The only theoretial unertainty onsidered was that oming from the limited orderof the NLO alulations. The e�et of the missing higher perturbative orders wasestimated by varying �R by fators of 0.5 and 2. Unertainties of more than 20% wereobtained. Other possible soures of unertainty not onsidered were the ones relatedto the dPDFs �ts and the absene in Disent of resolved-photon ontributions thatan a�et the predition at low values of x .
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Figure 5.1: The zobsIP dependene of the IP -PDFs for di�erent values of Q2. The urveswere produed at �xed xIP = 0:003. The singlet (i.e. quark) and gluon ontributionsare shown separately. The unertainties on the parametrisations are not shown.



NLO alulation 5.2 915.2.1 Hadronisation orretionsThe preditions given by the NLO program needed to be quoted at the hadron level(de�ned as the level of hadrons with a lifetime � > 10 ps) in order to be ompared tothe measured ross setion. The parton level di�erential ross setion were orretedbin-by-bin to the hadron level by means of fators evaluated with Rapgap . Thesehadronisation orretions take in aount the e�ets of the hadronisation of the partons.The hadronisation orretion for a given bin i of the di�erential ross setion, Cihad, isalulated doing the ratio of the hadron level ross setion given by the MC, �iMC;HL,over the parton level ross setion given by the MC, �iMC;PL:Cihad = �iMC;HL�iMC;PL : (5.2)In the evaluation of the hadronisation orretions, the di�erent Rapgap ontributionswere summed up without the di�erent normalisation weights (see Set. 6.3). This washosen for onsisteny with the NLO alulation where the di�erent ontributions aresummed without reweighting.The hadronisation orretions obtained are shown in Fig. 5.2 as a funtion of manyvariables. It an be notied the strong rise at high zobsIP . This e�et is a onsequene ofthe interplay of the heavy mass of the harm quark with the low invariant mass of thehadroni system produed in the interation. The heavy harm quark mass saturatesthe small phase spae available suh that the hadronisation model produes only twoD mesons. The two exlusively produed mesons are then identi�ed as jets by thekT algorithm. Therefore the event that ould have been generated with an arbitraryzIP is reonstruted, after the hadronisation, with zobsIP � 1. It an be notied in thesame �gure that, if one doesn't onsider the heavy quark ontribution in Rapgap,Chad is signi�antly smaller at high zobsIP . Sine the ross setion at high zobsIP is small,the large orretion there does not a�et the orretions on the other variables.
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Figure 5.2: The hadronisation orretion, Chad, alulated with the Rapgap MC. Theorretion fators are shown as a funtion of (a) Q2, (b) W , () xIP , (d) �, (e) E�T;jj,(f) ��jj, (g) MX, (h) zobsIP , (i) xobs . The full irles show the orretion fators appliedto the parton level NLO preditions obtained with Disent. The open squares show theamount of the orretion if one exludes the diret-photon harmed quark ontributionin Rapgap.



Chapter 6Signal seletion and bakgroundrejetionIn order to extrat a lean sample of di�rative dijet events in DIS, the data desribedin Set. 4 were subjet to a two-stage seletion. First the data were �ltered onlineby the ZEUS trigger. Two di�erent trigger on�gurations were used to selet thedata presented here. The events passing this �rst online �lter were then passed toan o�ine analysis program that applied the �nal seletion. The seletion asked fora well-reonstruted sattered eletron, at least two jets with a minimum transverseenergy emitted in a entral pseudorapidity region of the detetor and a rapidity gapin the event. The MC was subjet to the same analysis hain. A omparison ofthe distributions oming from real data and MC are also shown here. The hapterdesribes also the strategies pursued in order to rejet the main bakground souresfor this analysis.6.1 Signal seletion6.1.1 Online seletionGiven the limited omputing resoures and bandwidth of the data transfer, it is im-possible to store all the data oming from all the ollisions. In order to rejet eventsthat did not have the harateristis of the physial signal desired, the data passeda three-stage trigger seletion before being stored on tape and being analysed o�ine.At the �rst level of the trigger (FLT), some general requirements for a DIS seletionwere applied. For example, an isolated eletromagneti luster in the alorimeter orthe total eletromagneti energy above a threshold were the typial requirements, of-ten in oinidene with a rough requirement on the quality of the traks measured bythe traking hamber or a signal from the SRTD. Only the events passing the FLTwere analised by the seond level trigger (SLT). At this stage additional, more re�nedrequirements were applied. The event was kept only if� ÆSLT > 30 GeV, where ÆSLT is the total E � pZ measured at the SLT;� one of the following was satis�ed: 93



94 Signal seletion and bakground rejetion 6.0{ the eletromagneti energy in the rear (RCAL) or the barrel alorimeter(BCAL) was greater than 2:5 GeV{ the eletromagneti or hadroni energy in the front alorimeter (FCAL) wasgreater than 10 GeV.It is noted that until now no requirements on the di�rative nature of an event wereapplied. These were implemented at the third level trigger (TLT). At the TLT therequirements on the event were the following:� the event had to pass the SLT requirements desribed above;� ÆTLT > 30GeV, where ÆTLT is the total E � pZ measured online at the TLT;� a �rst rough but fast neural network algorithm was run in order to �nd a possiblesattered eletron. At least one andidate had to be found and its energy had tobe higher than 4 GeV;� if the same sattered eletron andidate was found by the TLT in the RCAL, ithad to be deteted outside a retangular region entered around the beam pipe(trigger box ut). The size of this box was 12 � 6 m2 (see Fig. 6.2);� EFPC;TLT < 20 GeV, where EFPC;TLT is the energy measured in the forward plugalorimeter online by the TLT. This ated as a di�rative rapidity gap seletionsine it was essentially a veto on the hadroni ativity in the forward region ofthe detetor.The TLT logi desribed above (TLT-DIS06) was the one valid for the part of thedata taking period when the positron beam was used (� 61 pb�1). When eletronswere ollided against protons (� 3 pb�1), the TLT logi was di�erent, being a purelylow-Q2 DIS seletion with Q2TLT > 2 GeV2. The FPC requirement was not applied.6.1.2 DIS seletionA pure DIS sample was seleted applying the following requirements on the events thatpassed the trigger seletion:� the Sinistra neural network algorithm had to �nd at least one andidate withprobability higher than 0.9. If the eletron was in the CTD geometri aeptane,a trak was required to be mathed to the eletromagneti luster. The Sinistraprobability is shown in Fig. 6.1 for events both before and after passing the DISseletion;� the eletron found in the RCAL had to lie outside a �duial area entred aroundthe beam pipe. The exluded area (H -shape box) was de�ned as follows [132℄:{ box ut, �14 < X < 12 m and �10 < Y < 10 m;{ ooling pipes, four regions de�ned as� �16 < X < �7 m and 4 < Y < 12 m;
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Figure 6.2: The position of the deteted sattered eletron on the RCAL surfae. Thered solid line represents the position and size of the box used at the TLT for the onlineseletion.where the index DA indiates that the two variables were reonstruted with theDouble Angle method (see Set. 4.2.4).6.1.3 Jet seletionJets were reonstruted at the detetor level, i.e. from the measured four-momenta ofthe energy ow objets (EFOs), with the kT algorithm desribed in Set. 4.2.5. In thease of the MC samples, also the four-momenta of the partiles before the hadronisationsimulation and before the detetor simulation are also used: we will refer to thesejets as parton-level and hadron-level jets, respetively. In all the ases, the jets werereonstruted after having boosted the input four-momenta from the laboratory frameto the �p rest frame. The input four-momenta were treated as massless. The jet-related quantities evaluated in this referene frame will be labeled with a star. Thereonstruted jets are then boosted bak to the laboratory frame (jet quantities in thisframe are labeled with "lab"). The jets are ordered in their transverse energy in the�p rest frame, E�T;jet, the �rst jet in the ordering being alled the leading jet.A lean dijet sample is obtained by imposing spei� requirements on the jetsreonstruted from the four-momenta. Before applying the uts, the four-momenta ofthe jets were further orreted on a MC basis (see Appendix B). Only events with jetsof a suÆiently high transverse energy to provide a hard sale needed for perturbativeQCD alulation are seleted. In order to reonstrut the jet properties in a preiseway, seletions on their diretions were applied. The requirements on the jets were thefollowing:
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Figure 6.3: The orrelation of the jet pseudorapidity as measured in the laboratory,�LABjet , and in the �p rest frame, ��jet, for the (upper plot) data and (lower plot) MCsample. The lines indiate the uts on the jet pseudorapiditu applied in the analysis.� At least two jets with{ E�T;jet > 4GeV;{ �2:0 < �LABjet < 2:0; this ut was applied in order to ensure a good ontain-ment in the CAL aeptane of the EFOs belonging to the jet;{ �3:5 < ��jet < 0:0, that orresponds for the majority of the jets to thepseudorapidity range in the laboratory frame set by the previous ut, asvisible in Fig. 6.3;� E�T;j1 > 5GeV, where E�T is the transverse energy in the �p rest frame of theleading jet.6.1.4 Di�rative seletionDi�rative events are haraterised by low values of xIP and by the presene of a LRG(see Set. 2.2). The following seletion riteria were applied[133℄:� EFPC < 1GeV, where EFPC is the total energy in the FPC. The requirement ofativity ompatible with the noise level in the angular region overed by the FPCis equivalent to a rapidity-gap seletion;� xobsIP < 0:03 where xobsIP is the reonstruted value of xIP (see Set. 4.2.6). The uton xobsIP redues the ontribution of Reggeon exhange and other non-di�rativebakground.The ontamination of the non-di�rative bakground as a funtion of the applieddi�rative seletion uts is shown in Fig. 6.4, through the distribution of �MAX, where



98 Signal seletion and bakground rejetion 6.0Seletion Nr. Events after seletionTrigger 13764440DIS uts 147776DIS+JETS uts 37872ALL uts 5540Table 6.1: Number of events remaining after di�erent stages of the signal seletion.�MAX is the pseudorapidity in the laboratory frame of the most forward EFO withenergy higher than 400MeV. Distributions of �MAX are shown before and after applyinguts on EFPC and xobsIP . The disagreement between the measured and the simulateddistributions is the reason for not applying any expliit requirement on �MAX, as wasdone in previous analyses [57, 75, 76℄. After the EFPC and xobsIP uts, the non-di�rativebakground from Djangoh was estimated to be 2.4% of the total seleted events andnegleted in further analysis.6.2 Trigger eÆienyIt is important to evaluate reliably the fration of events that have been lost beause thetrigger judged them wrongly to be bakground, although having all the harateristisfor entering the physial signal sample seleted in the way desribed above.The de�nition of trigger eÆieny, "TRIGG, is"TRIGG = NTRIGGSELNSEL (6.1)where NSEL is the number of events in the starting sample that, independently ofthe trigger deision, pass the signal seletion and NTRIGGSEL is the subsample of NSELthat passes also the three-level online �lter1. In ase of losses due to the trigger, onean orret o�ine the measured distributions aording to the trigger eÆieny. Theabsene of an unbiased (i.e. non-triggered) and high-statistis sample to be used asreferene made the estimation of the trigger eÆieny only from data samples problem-ati. The strategy used was to evaluate the eÆieny of the trigger slot not in absoluteway but relatively to another, more inlusive, �lter. The inlusive low-Q2 trigger slot,TLT-SPP15, was used as referene for this task. This slot has not only the advantageof being very inlusive and of having high statistis but also to be very well known.Its eÆeny is very high as it was tested by many previous DIS analyses [63℄. TheEq.(6.1) was therefore modi�ed as the following"SPP15TRIGG = NTRIGGSEL&&SPP15NSEL&&SPP15 (6.2)where now the eÆeny of the di�rative trigger, "SPP15TRIGG, is quoted relatively tothe eÆieny of the TLT-SPP15 slot and the events must not only pass the physis1The trigger ineÆieny is de�ned as 1� "TRIGG.
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6.3 Monte Carlo reweightingThe Rapgap sample onsists of three di�erent subsamples orresponding to di�erentphysis proesses (see Set. 5.1.1): the diret-photon light-quark sample (LQ), thediret-photon harm-quark sample (CC) and a resolved-photon sample (RES). In orderto have a omplete MC sample, the three Rapgap samples had to be summed up.This annot be done in a straight forward way, beause the relative ontribution ofdiret and resolved proesses to the total ross setion is a priori unknown in Leading-Order alulations. The absolute normalisations for the di�erentRapgap samples wereevaluated from a �t to the data. As mentioned in Set. 2.2.7, the variable most sensitiveto the separation between diret and resolved proesses is x. The experimentallyobservable estimator of x is xobs , introdued in Set. 4.2.7. The data distribution asa funtion of xobs after all the seletion uts is shown in Fig. 6.7. The diret-photonevents onentrate at high xobs , while the low-xobs part of the spetrum is omposedof resolved-photon events and badly reonstruted diret-photon events. The three
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102 Signal seletion and bakground rejetion 6.0Parameter Value from the �t�LQ 0:89�CC 0:89�RES 2:99Table 6.2: The normalisation parameters of the single Rapgap subsamples. Theseparameters are used when the subsamples are summed together in order to obtain thetotal Rapgap simulation.
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Control distributions 6.4 1036.4 Control distributionsAfter all uts, 5540 events of the originary data sample were seleted. The numberof events passing the di�erent stages of the seletion is summarised in Table 6.1. Thedistributions of the data after all the seletion uts are presented in Figs. 6.8-6.12. Inthe same plots the same MC distributions are ompared to the data in order to testthe level of the desription of the simulation. The signal MCs, i.e. the Satrap andthe total Rapgap samples, were renormalised to the total entries in the data. Thebakground from non-di�rative DIS dijets as estimated with Djangoh is also shownin the plots.The ontrol plots present the omparison between data and MC �rst in the globalvariables (Fig. 6.8), then for jet-related variables (Fig. 6.9 and 6.10), for di�ration-related variables (Fig. 6.11) and at the end for other quantities more linked to thedetetor performanes (Fig. 6.12).The general level of the agreement between data and MC is good. The distributionof the main kinematial variables (Q2, W , jet variables) are fairly desribed by boththe MCs. The phase spae regions at low and high transverse energies of the jets isbetter desribed by Rapgap , as it an be seen in Figs. 6.9 and 6.10. At mediumvalues of the transverse energy of the jets, the two MC predit similar distributions.The Satrap MC desribes better the data distribution as a funtion of zobsIP , in par-tiular for zobsIP > 0:7 (see Fig. 6.11). The absene of a resolved-photon ontributionin Satrap a�ets its desription of xobs , as it an be seen in Fig. 6.11d. Some dis-repanies between the MC and the data distributions an be observed. The main oneregards the desription of the energy ow in the MC. In Fig. 6.8d it an be noted thatthe spetrum of the mass of the di�rative system produed in the interation has lessevents at low masses while the intermediate and high masses regions are reasonablywell desribed. The same e�et an be seen in Fig. 6.12d where the number of EFOsin the event predited by the MC is slightly shifted towards higher values ompared tothe data distribution. Consequently, the spetrum of beta (whih is inversely relatedto MX) is shifted to higher values in the MC ompared to the data. However, thedi�erene between MC and data was judged to be small and no further studies on itwere arried out. In Fig. 6.12a, it an be noted that there is a remarkable di�erenebetween both the MCs and the data in the distribution as a funtion of the energydeposited in the FPC, EFPC. This variable is very diÆult to be simulated beauseinvolves non-perturbative proesses like the fragmentation of the dissoiated satteredproton. Anyway, the ut on EFPC is applied at EFPC < 1GeV, thus far from the regionbadly desribed at 0:1 < EFPC < 0:4. Therefore this disrepany was judged to be notimportant for the analysis and negleted.6.5 Proton dissoiation bakgroundThe proess where the outgoing proton does not emerge intat from the di�rativeinteration is alled proton dissoiation or double dissoiation (see Fig. 6.13). Thehadroni system oming from the dissoiated proton, Y , has a low invariant mass, MY ,
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Figure 6.8: The ontrol distributions as a funtion of (a) Q2DA, the virtuality of the ex-hanged � measured with the Double Angle method, (b) WDA the total energy availablein the �p entre-of-mass system, () the total E� pZ and (d) MX, the invariant massof the di�rative system. The data entries are shown as dots, the statistial errors areshown as the error bars. The data are ompared to the signal LO MC, Rapgap (solidred line) and Satrap (dashed blue line). The ontribution from resolved-photon pro-esses estimated with Rapgap is shown as a hathed area. The non-di�rative DISbakground estimated with Djangoh is indiated by the dark solid area.
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Figure 6.9: The ontrol distributions as a funtion of (a) E�T;jj, the transverse energy ofboth the two jets with the highest transverse energy as measured in the �p rest frame,(b) ��jj, the pseudorapidity of both the two jets with the highest transverse energy asmeasured in the �p rest frame, ()E�T;j1, the transverse energy of the highest transverseenergy jet as measured in the �p rest frame and (d) E�T;j2, the transverse energy of thenext-to-highest transverse energy jet as measured in the �p rest frame. Other detailsas in the aption of Fig. 6.8.
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Figure 6.10: The ontrol distributions as a funtion of (a) E�T;jet, the transverse energyof all the jets in the event as measured in the �p rest frame, (b) ��jet, the pseudorapidityof all the jets in the event as measured in the �p rest frame, ()��j1, the pseudorapidityof the highest transverse energy jet as measured in the �p rest frame and (d) �LABj1 ,the pseudorapidity of the highest transverse energy jet as measured in the laboratoryframe. Other details as in the aption of Fig. 6.8.
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Figure 6.11: The ontrol distributions as a funtion of (a) Log10xobsIP , (b) Log10�IP, ()zobsIP and (d) xobs . Other details as in the aption of Fig. 6.8.
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Figure 6.12: The ontrol distributions as a funtion of (a) EFPC, the energy measuredin the FPC (b) Ee0, the energy of the sattered eletron () ZVTX, the position along theZ�axis of the primary vertex and (d) the number of EFOs in the event. Other detailsas in the aption of Fig. 6.8.



Proton dissoiation bakground 6.5 109typially below 2GeV. In this ases a LRG an be still observed. However, the proton-dissoiative events are onsidered bakground and rejeted from the signal sample,beause the proton dissoiation introdues a signi�ant ompliation to the theoretialdesription of the event sine the resolved-pomeron model (see Set. 2.2.2) is no longervalid.The experimental detetion of this subset of events is hallenging beause, for suf-�iently low values of MY , the resonant system esapes in the forward aperture of thedetetor and one annot guess anything about the �nal state proton from the entraldetetor only. Vague onstraints on the values ofMY an be set on kinematial and ge-ometri aeptane basis. The FPC energy seletion applied, EFPC < 1GeV, restritsthe values of the resonant system mass to approximately MY . 2:3GeV. For MY be-low that value, a statistial subtration from the seleted signal sample is needed. Theamount of proton dissoiation bakground, fpdiss, was estimated by previous analyses[75, 79℄ to be fpdiss = (16� 4)%This value was estimated with a MC study using the Epsoft MC [134℄. A moredetailed desription of the proedure an be found in Ref. [135℄. The proton dissoi-ation bakground ould be estimated also through an experimental method by meansof the ZEUS Leading Proton Spetrometer (LPS) [53℄. Sine the LPS tags di�rativeevents with only intat protons by onstrution, the amount of events with a disso-iated proton an be obtained by omparing diretly the LPS and the LRG inlusivemeasurements. By doing the ratio of the ross setions one obtains a value of fpdissfLPSpdiss = (19� 10)%The latter study showed that the proton dissoiation bakground is indipendent ofthe other kinematial variables, as expeted in the resolved pomeron model. Thereforethe proton dissoiation bakground was subtrated from the ross setion independentof any variable. The ompatibility between the two results obtained with the MCsimulation and the LPS measurement and the smaller unertainty of the former werethe reasons for hoosing the value of (16� 4)% as estimate of fpdiss.
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Figure 6.13: Shemati representation of proton dissoiation in presene of di�rativeDIS dijet prodution.



Chapter 7Cross setion measurement anddisussionThis hapter presents the main results of the analysis: the extration of the di�erentialross setions and the omparison of the Leading-Order (LO) and Next-To-LeadingOrder (NLO) theoretial preditions and the experimental measurements. The doubledi�erential ross setions, that an be used for �ts to the dPDFs, are also shown. Theorretions for detetor aeptane and QED radiation are essential for an unbiasedmeasurement of the physial proess under study. The proedures for evaluating andimplementing these orretions are desribed at the beginning of the hapter togetherwith the error estimation.7.1 Cross setion extrationThe ross setion for dijet prodution in di�rative DIS ep ollision is measured at thehadron level, de�ned as the level of hadrons with a lifetime � > 10 ps. The detetor levelmeasurement was transported to the hadron level with orretion fators that estimatedthe detetor aeptane and eÆieny. The measured ross setion is orreted forQED e�ets and quoted at the QED Born level. The latter two orretions were bothestimated on a MC basis as desribed in Set. 7.1.1 and Set. 7.1.2, respetively. Thekinemati region where the ross setion was measured is summarised in Table 7.1.Kinemati region5 < Q2 < 100GeV2100 < W < 250GeVE�T;j1 > 5:0GeV, �3:5 < ��j1 < 0:0E�T;j2 > 4:0GeV, �3:5 < ��j2 < 0:0xIP < 0:03Table 7.1: The kinemati region where the ross setion was measured.111



112 Cross setion measurement and disussion 7.0The values of the di�erential ross setions are averaged over the bin in whih theyare presented. For any variable �, the ross setion was determined asd�d� = C ND(1� fpdiss)L�� ; (7.1)where ND is the number of data events ounted in a bin, C inludes the e�etsof the aeptane and the QED orretion fators as determined from MC, L is theintegrated luminosity and �� is the bin width. The main riteria for the hoie ofthe bin width were: the resolution on the variable itself that limits the minimum binsize; the minimisation of migrations of events between di�erent bins and the statistialsigni�ane of the measurement, both suggesting a large bin size; a high number ofbins (i.e. a small bin size) in order to study in more detail the harateristis of theproess.The di�erential ross setion for dijet prodution in di�rative DIS ep ollision ispresented as a funtion of the following variables:� Q2, the virtuality of �, the photon exhanged between the olliding e and p. Thisvariable de�nes the hard sale of a DIS interation and allows the perturbativeQCD (pQCD) desription of the proess;� W , the energy of the �p entre of mass. It de�nes the total energy available inthe hard interation;� xobsIP , the reonstruted value of xIP , as de�ned in Set. 4.2.6. In the resolvedpomeron model, it represents the fration of the initial p momentum taken bythe di�rative exhange, IP , probed by the �. Therefore it is a variable thatharaterises the di�rative properties of the proess;� �, introdued in Set. 2.2.3 that is onneted to xBj, the x-Bjorken variableommonly used in standard DIS (see Set. 2.1.3). The relation between � andxBj is xBj = xIP � �;� E�T;jj, the transverse energies of the two jets with the highest transverse energyas measured in the �p rest frame. Thus, in the Eq. (7.1) it ontributes with twoentries per event1. The transverse energy of the jets provides an additional hardsale in the proess that often is higher than Q2, therefore the pQCD theory hasa speial sensitivity to this variable.� ��jj, the pseudorapidities of the two jets with the highest transverse energy asmeasured in the �p rest frame. This is another jet variable very useful fortesting the quality of the pQCD predition, given also that the jet diretion isexperimentally measured with good preision;1The use of E�T;jj instead the single transverse energies of the jets was ditated by the onvergeneof the NLO alulation that is sensitive to the small di�erene in the E�T requirement between the�rst and the seond jet. The de�nition of a more inlusive variable helped to anel out divergenesin the alulation.



Cross setion extration 7.1 113� MX, the invariant mass of the di�rative system produed in the �IP interation;� zobsIP , the estimator of zIP (see Set. 4.2.6). The latter is the fration of the IPmomentum taken by the parton entering the hard sub-proess. This is a veryimportant variable beause it is the one sensitive to the dPDFs (in a fashionsimilar to xBj for inlusive DIS analyses). The quality of di�erent dPDF �ts anbe studied mainly as a funtion of this variable. The ross setion as a funtionof this variable an also be used as input to QCD �ts for the dPDFs themselves;� xobs , the estimator of x (see Set. 4.2.7). The variable x is the fration of �longitudinal momentum entering the hard-subproess. Although for DIS pro-esses one expets only events with xobs = 1 (diret-photon proesses), in thelow-Q2 range studied in this analysis a ontribution from xobs < 1 (oming fromresolved-photon proesses and badly reonstruted diret-photon events) to thetotal ross setion is still present. The most aepted models of QCD fatori-sation breaking in di�ration predit a suppression of the ross setion only forthe resolved-photon proesses. In the di�rative photoprodution of dijets, thefatorisation breaking is expeted to exhibit a dependene on xobs . It wouldtherefore be interesting to measure the ross setion as a funtion of the samequantity in DIS.7.1.1 Aeptane alulationDetetor e�ets (like geometri aeptane, �nite resolution, detetion eÆieny) biasthe measurement suh that the detetor-level ross setion an be signi�antly di�erentto the hadron-level one. The size of these distortions is estimated on a MC basis andthe detetor-level measurement is orreted for it with the bin-by-bin method. Theorretion fators, Cf , for the i-th bin of any variable are de�ned as2Cf;i = NMCHAD;iNMCDET;i (7.2)where NMCHAD;i and NMCDET;i indiate the number of events predited by the MC in thei-th bin at the hadron level and the detetor level, respetively. In the Rapgap ase,the total number of events was alulated by summing the ontributions oming fromthe three subsamples after having renormalised them with the weights evaluated inSet. 6.3.The bin-by-bin method is a reliable way to estimate the Cf only if the MC desribesthe data distributions at the detetor level. In fat, only in this ase one an have areasonable trust in the simulation of the detetor implemented in the MC whih isthe base for an unbiased Cf determination. As it was presented in Set. 6.4, thedesription of the MC was onsidered to be good for both Rapgap and Satrap .Sine the detetor simulation was exatly the same for both, any di�erene originatedonly by the di�erent physial model used in the two MCs. None of the latter was2Another variable with a physial meaning equivalent to Cf is the aeptane, �, de�ned as theinverse of Cf .



114 Cross setion measurement and disussion 7.0found to be signi�antly better. Beause of this, it was deided to use for the rosssetion extration the arithmeti mean of the two Cf . Fig. 7.1 shows the values of Cffor all the bins of all the variables onsidered for the di�erential ross setions. The Cfoming from the two MCs are quite similar. A typial value of Cf � 1:25 is observedwith some trends as a funtion of variables like E�T;jjand zIP .In order to have a quantitative estimation of the detetor e�ets, the stability andthe purity are also presented. The stability, s, of any i-th bin is de�ned ass = NMCHAD&&DETNMCHAD (7.3)where NMCHAD&&DET is the number of events that are generated and reonstrutedin the same i-th bin as estimated with the MC. The instability, de�ned as 1 � s,quanti�es the fration of events for whih the measurement was so biased to indue amigration of the value to another bin or even outside the kinemati phase spae. Agood measurement needs to have s as high as possible. The stability for Rapgap andSatrap is shown in Fig. 7.2.The purity, p, of any i-th bin is de�ned asp = NMCHAD&&DETNMCDET : (7.4)The purity quanti�es the fration of events deteted in a bin that were atually gener-ated in the same bin. The impurity, 1�p, is again due to detetor e�ets that alter thevalue of the variable and inrement the number of entries olleted in a bin with eventsoming from other bins or from outside the kinemati region. The p for Rapgap andSatrap is shown in Fig. 7.3. Notie that the orretion fator is given by the ratiop=s.The typial value for s is approximately 0:3 while for p is slightly below 0:4. Thevalue of s is not partiularly high and this an ause onern on the quality of theorretion to the hadron level estimated with the MC. The reason for suh a low valueof s an be found in the migrations of events from one bin to another (whih is anissue ommon to any analysis) and a low eÆieny typial of the LRG method used forseleting the di�rative signal. The eÆieny is de�ned in a way similar to the stabilitybut dropping the requirement that the generated event has to be reonstruted in thesame bin. Thus, the eÆieny of any i-th bin is de�ned as" = NMCHAD&&RECNMCHAD (7.5)where NMCHAD&&REC is the number of events that are generated in the i-th bin andseleted at the detetor level. The reonstruted value an be in any of the bins.Fig. 7.4 shows the eÆienies for the variables onsidered. The di�erenes betweenFig. 7.2 and 7.4 are due to the migrations of the reonstruted values of the variablesfrom the bins where they were originally generated. The stabilities are typially 50%of the eÆienies. The low values of the eÆienies is related mainly to the rapiditygap seletion whih is applied only at the detetor level. It an be noted in Fig. 7.4
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Figure 7.1: The orretion fator, Cf , used to extrat the ross setions at the hadronlevel. The values atually used in the analysis are represented by the red full irles,evaluated as the mean between the Cf predited by Rapgap and the Satrap . Theontributions from Rapgap and Satrap are shown separately as blue triangles andgreen squares, respetively. The error bars represent the statistial unertainty on theestimation of Cf . The Cf is presented as a funtion of (a) Q2, (b) W , () xobsIP , (d)�, (e) E�T;jj, (f) ��jj, (g) MX, (h) zobsIP and (i) xobs . The variables are desribed more indetail in Set. 7.1.



116 Cross setion measurement and disussion 7.0tha the eÆieny drops at high xobsIP . This is in fat the kinemati region most sensitiveto the LRG seletion, sine xobsIP and the size of the rapidity gap are related. Thus, thevalues of the stability, whih are low ompared to many analyses, are the result of twoe�ets whih are individually under ontrol.7.1.2 QED radiative orretionsThe emissions of a real photon from the inoming or outoming eletron are alledinitial state radiation (ISR) and �nal state radiation (FSR) respetively (see Fig. ).These higher-order QED proesses modify the four-momentum of the eletron andalter as a onsequene the reonstrution of the kinematis of the event. Sine it isimpossible experimentally to tag ISR and FSR events, the only possibility for takingthem into aount is to estimate the bias that they ause to the measurement withthe MC and then orret the measured ross setions. The QED radiative orretions,CQED, are the fators used to orret the ross setions bak to the QED Born level.They are de�ned as CQED = �d�NOQEDd� ��d�QEDd� � (7.6)where �d�NOQEDd� � indiate the value in the i-th bin of di�erential ross setionas a funtion of the generi variable � as predited by the MC without ISR and FSR.The same quantity but with the QED radiation proesses allowed in the generationis indiated by �d�QEDd� �. The orretions for ISR and FSR were estimated withHerales through the Satrap MC (see Set. 5.1.1 and 5.1.2). The values of CQEDused in the analysis are shown in Fig. 7.5.7.1.3 Systemati unertaintiesThe unertainties related to the experimental devies and tehniques ontribute tothe systemati unertainties. Several soures of systemati unertainties have beenheked. In general the systemati heks ould be divided in two ategories:� Experimental unertainties. Detetor e�ets are unsmeared by means of the MCsimulation. Nonetheless, a perfet desription of the detetor annot be ahievedand some harateristis and performanes of the devie are not well enoughknown and may be not well simulated. This auses an unertainty on the resultof the unfolding proedure. These unertainties are taken in aount by hangingin the analysis some parameters that are believed to be the most ritial and studythe impat of the hanges on the ross setion measurement. The hanges anbe either on the real data or the MC side. The latter was hosen beause of thehigher statistis of the MC sample. The systematis evaluated in this way were:
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Figure 7.2: The stability, s, alulated with Rapgap (blue triangles) andSatrap (green squares). The error bars represent the statistial unertainty on theestimation of s. The stability is presented as a funtion of (a) Q2, (b) W , () xobsIP , (d)�, (e) E�T;jj, (f) ��jj, (g) MX, (h) zobsIP and (i) xobs . The variables are desribed more indetail in Set. 7.1.
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Figure 7.3: The purity, p, alulated with Rapgap (blue triangles) and Satrap (greensquares). The error bars represent the statistial unertainty on the estimation of p.The purity is presented as a funtion of (a) Q2, (b) W , () xobsIP , (d) �, (e) E�T;jj, (f) ��jj,(g) MX, (h) zobsIP and (i) xobs . The variables are desribed more in detail in Set. 7.1.
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Figure 7.4: The eÆieny, ", alulated with Rapgap (blue triangles) andSatrap (green squares). The error bars represent the statistial unertainty on theestimation of ". The eÆieny is presented as a funtion of (a) Q2, (b) W , () xobsIP ,(d) �, (e) E�T;jj, (f) ��jj, (g) MX, (h) zobsIP and (i) xobs . The variables are desribed morein detail in Set. 7.1.
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Figure 7.5: The QED radiative orretions, CQED, used to orret the measured rosssetions for higher order QED e�ets. The error bars represent the statistial uner-tainty on the estimation of the orretions. The CQED is presented as a funtion of(a) Q2, (b) W , () xobsIP , (d) �, (e) E�T;jj, (f) ��jj, (g) MX, (h) zobsIP and (i) xobs . Thevariables are desribed more in detail in Set. 7.1.



Cross setion extration 7.1 121{ the energy measured by the CAL was varied by �3% in the MC to take intoaount the unertainty on the CAL alibration, giving one of the largestunertainties. Deviations from nominal ross setion values were of the orderof �5%, but reahed � 15% in some bins;{ the energy sale of the sattered eletron was varied in the MC by its uner-tainty, �2%. The resulting variation of the ross setions was always below�3%;{ the position of the SRTD was hanged in the MC by �2mm in all diretionsto aount for the unertainty on its alignment. The hange along the Zdiretion gave the largest e�et and in a few bins aused a ross setionvariation of �2%;{ the model dependene of the aeptane orretions was estimated by usingseparately Rapgap and Satrap for unfolding the data. The variationsfrom the entral value (obtained using the average between Rapgap andSatrap were typially of the order of �5% but reahed � �10% in somebins.� Measurement stability heks. A bad desription of the data distribution bythe MC simulation ould result in a biased estimation of the orretion fatorsused for the unfolding. The migrations of events from and to the kinematialregion may be wrongly reprodued. Thus, an estimation of this kind of e�etswas obtained by hanging the uts used in some of the seletions desribed inSet. 6.1. The ut variations applied were the following:{ the ut on the FPC energy was varied by �100MeV in the MC;{ the ut on the sattered-positron energy was lowered from 10 to 8GeV;{ the �duial region for the eletron seletion was enlarged and redued by0:5 m;{ the lower ut on Æ = (E � pZ)TOT was hanged from 45 to 43GeV.The single ontributions to the unertainty oming from eah systemati soure anbe seen in Appendix D.The variations on the ross setion indued by these uts, with exept of the onesoming from the alorimeter and eletron energy, were summed in quadrature togetherin order to give the total systemati unertainty. The unertainties related to thealorimeter and eletron energy sales aused a variation on the ross setion thatorrelated many bins of the measurement. Thus, they were treated separately as or-related systemati unertainties. They were summed in quadrature together with theunertainty on the amount of proton dissoiation bakground subtrated (�4% for allthe bins, see Set. 6.5). Another soure of orrelated unertainty was the error on theluminosity measurement (�2:25%) but this was not inluded neither in the plots norin the tables.As desribed in Set. 6.1.4, in order to selet a lean di�rative sample it was notneessary to apply an expliit large rapidity gap seletion by means of a ut on the
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Figure 7.6: Relative variations on the single di�erential ross setion indued by the in-trodution in the signal seletion of a ut �maX < 2:8, where �MAX is the pseudorapidityof the most forward EFO with an energy EEFO > 400MeV .pseudorapidity of the most forward EFO (�MAX ut). In order to present the results ina way ompatible with previous measurements, the analysis was repeated with a uton �MAX < 2:8. Only EFOs with an energy higher than 400MeV were used for the�MAX alulation. The latter requirement rejeted fake EFOs originating from noise inthe CAL or partiles not oming from the primary vertex. With this additional ut,the number of seleted events is redued to 4012. The variation on the di�erentialross setion is shown in Fig. 7.6. Notie that the hanges of the di�erential rosssetion aused by the �MAX ut an not be asribed as systemati unertainties sinethey are not oming from a not perfet extrapolation of the MC to the most forward�MAX region where the MC does not desribe the data (see Fig. 6.4). Using this wrongmodel for the extrapolation results in a wrong extration of the ross setion in theamount shown in Fig. 7.6. Conversely, the measurement desribed in Set. 6 has noextrapolation and therefore it is safe from this kind of unertainty.7.2 Total ross setionThe total ross setion for the prodution of dijets in di�rative DIS in the kinematiregion spei�ed in Table 7.2 was measured to be��p!jjX0TOT = 91:8� 1:2(stat) +3:3�5:4(syst:) +5:2�3:8(orr:) pb: (7.7)In Table 7.3, the total measured ross setion is ompared to the NLO preditionsusing as input the di�erent dPDFs desribed in Set. 5.2 . All the results of the



Comparison to Monte Carlo models 7.3 123alulation are ompatible with data within the experimental and theoretial errors.However, the alulation using the MRW 2006 or the H1 2006 - Fit Bdesribe betterthe absolute normalisation of the data.7.3 Comparison to Monte Carlo modelsThe single di�erential ross setions as a funtion of the variables listed in Set. 7.1predited with the Rapgap and Satrap LO MC are ompared to the measuredvalues in Fig. 7.7 and 7.8. Sine the MC preditions are not expeted to desribe thenormalisation, the ross setions predited by both MCs were normalised to the dataarea. The total orrelated unertainty is shown as a shaded band in the �gures.The E�T;jj distribution is a steeply falling funtion as expeted in pQCD (Fig. 7.8a)and the jets tend to populate the bakward region (Fig. 7.8d). The most prominentfeatures of the data are the rise of the ross setion with xobsIP , the peak at zobsIP � 0:3and the tail of the ross setion at low xobs values. The requirement of two jets withhigh ET suppresses the ontribution of low values of xobsIP . The relatively low value ofthe peak position in the zobsIP distribution indiates that in the majority of the eventsthe dijet system is aompanied by additional hadroni ativity. Most of the events areprodued at large xobs as expeted in DIS but a tail at low xobs indiates the preseneof a small but not negligible resolved-photon ontribution.In general a good agreement between data and LO MC is observed. The two MCprovide a very similar predition. It should be stressed that this was expeted theo-retially. In fat, the dijet measurement selets very small dipoles and Rapgap usesthe kT fatorization sheme. It was demonstrated [136℄ that for small sizes of thedipole (i.e. high transverse energies of the jets) the two models are equivalent. Thegood agreement between the Rapgap and Satrap results on�rms that beause theinput distribution to Rapgap (dPDFs) is very di�erent than the input distribution toSatrap (gluon density from inlusive DIS data). Therefore the good agreement of thetwo approahes indiates the onsisteny of the QCD desription at the leading orderlevel. The main di�erenes between the two MCs are a better desription of the data byRapgap at high E�T;jj and by Satrap at high zobsIP and the xobs di�erential ross setion,where the inlusion of resolved-photon proesses in Rapgap improves the desriptionof the data (Fig. 7.8d). The ontribution of the resolved-photon proesses to the totalRapgap ross setion was estimated to be 16%. Satrap has no resolved-photon init (that in the saturation model would be implemeted with proesses of order higherthan the q�q and q�qg) and this MC doesn't desribe the data ross setion in the lowestxobs region.7.4 Comparison to NLO QCD preditionThe omparison with NLO preditions is a fundamental step for this analysis. Oppo-sitely to the LO ase, the NLO alulation is expeted to predit the absolute normali-sation of the ross setion, within the approximation of negleting the higher orders of
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Figure 7.7: Measured di�erential ross setion (dots) as a funtion of (a) Q2, (b) W ,() MX, (d) � and (e) xobsIP . The inner error bars represent the statistial unertaintyand the outer error bars represent the statistial and unorrelated systemati uner-tainties added in quadrature. The shaded band represents the orrelated unertainty.For omparison the area-normalised preditions of the Rapgap (solid lines) and theSatrap (dashed lines) MC models are also shown.
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126 Cross setion measurement and disussion 7.0the perturbative serie. Therefore the omparison between NLO and data is the benh-mark for testing the QCD fatorisation theorem in di�ration with dijets in the DISkinematial regime. On the other hand, if one assumes the validity of the fatorisationtheorem, the same omparison an be used for testing the auray of the di�erentdPDFs used in the alulation.The NLO preditions for the di�erential ross setion are ompared to the datain Figs. 7.9 and 7.10. The estimated theoretial unertainties are shown only for thealulations using the ZEUS LPS+harm dPDFs and are similar for all the otheralulations. For ease of omparison the ratios of data to the MRW 2006 preditionare presented in Figs. 7.11 and 7.12. The variation due to the hoie of the dPDFs isdisplayed with respet to the MRW 2006 in the same �gure. In general the shape ofthe measured ross setion is desribed by the NLO alulations within the theoretialunertainties. However, only the preditions using the MRW 2006 dPDFs and theH1 2006� FitB are able to desribe satisfatorily the data over the entire kinematirange. The di�erential ross setion as a funtion of zobsIP presented in Fig. 7.10dsupports this statement very learly. This quantity is the most sensitive to the hoie ofthe dPDFs used in the alulation. The entral values of the preditions using the MRW2006 and the H1 2006� FitB dPDFs desribe very well the data over the whole rangein zobsIP . Conversely, the alulations using the ZEUS LPS+harm and H1 2006� FitAdPDFs exhibit a di�erent trend and are inompatible with the data at high zobsIP , evenonsidering the large theoretial unertainties. The desription of the xobs dependeneis not reprodued by all the preditions, independently of the dPDFs. This is relatedto the NLO alulation rather than the dPDFs used sine in Disent there is not anyresolved-photon ontribution. The results presented in Set. 7.3 showed instead that aontribution from resolved-photon proesses is needed to obtain a good desription atlow xobs . Anyway the ontribution to the total ross setion of this partiular phasespae region is very small and the other variables are pratially insensitive to thisaspet of the alulation.Any �nal statement about the fatorisation theorem is limited by the large size ofthis theoretial unertainty (� 25%). The good agreement of the entral values of someof the NLO urves presented supports the validity of the theorem, as suggested alreadyin previous analyses [79, 80, 81℄. There are no evidenes of fatorisation breaking in theprodution of dijets in di�rative DIS and that the fatorisation theorem holds withinan unertainty of approximately 25%. This large theoretial unertainty emphasizesthe preision of the experimental measurement that an be very useful for future QCD�ts as explained in the next setion.The alulation using the GLP �t dPDFs as input gave preditions learly o�in both normalisation and shape. This disrepany with the measured data an beobserved in Fig. 7.13 where a omparison as a funtion of E�T;jj and zobsIP is presented.The predition underestimates the absolute normalisation of the ross setion by afator 0:3� 0:4 over the whole kinemati range. Beause of this bad desription of thedata, the alulation using the GLP �t dPDFs was disarded and not studied in depth.The sensitivity to the hoie of the renormalisation sale is studied more in detail inFig. 7.14. The di�erential ross setion as a funtion of Q2, E�T;jj and zobsIP is presentedfor two di�erent hoies of the renormalisation sale, �R. In one ase the value of �R was



Comparison to NLO QCD predition 7.4 127the default used through the whole analysis, i.e. the transverse energy in the �p of theleading jet, � = E�T;j1. The use of E�T;j1 was motivated by the hoie to use a physialquantity as renormalisation sale. The default hoie is ompared to an expressiontaking into aount also the virtuality of the exhanged photon, �R =qE� 2T;j1 +Q2. Asexpeted, a better agreement with the data at higher Q2 is observed, while at transverseenergies of the jet already higher than 6 GeV there are no di�erenes between the twohoies for �R.
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Double di�erential ross setion 7.5 1337.5 Double di�erential ross setionPreious informations about the dynamis of the prodution of dijets in di�rativeDIS an be extrated by measuring the double di�erential ross setion. The doubledi�erential ross setion is presented as a funtion of zobsIP in di�erent regions of Q2and E�T;j1. Suh a detailed study is made possible only thanks to the high statistisof the data sample. The variables for the double di�erential ross setins were hosenbeause of their partiular relevane in the pQCD alulation: zobsIP is the variablediretly sensitive to the dPDFs while Q2 and E�T;j1 are the two hard sales present inthe proess 3. The ontrol distributions are presented in Figs. 7.15 and 7.16. As pointedout desribing the single di�erential distribution as a funtion of zobsIP in Set. 6.4, thedata are better desribed by the Satrap MC. Some di�erenes between data and MCare visible, in partiular at high zobsIP . Due to the sharp fall of the ross setion at lowzobsIP (see Fig. 7.8), the �rst bins in zobsIP of the single di�erential measurement wouldhave a low statistis. It was deided to merge it with the seond bin. Thus, the doubledi�erential ross setion has one bin less than the single di�erential one. The fatorsapplied to orret the data for the detetor aeptane and resolution are shown inFig. 7.17. Values similar to the single di�erential Cf were observed (see Fig. 7.1h).The strong trend as a funtion of E�T;j1 is onsistent with the one observed in Fig. 7.1e.The stabilities and purities for the double di�erentila ross setions are presented inFigs. 7.18 and 7.19. The values are very low (. 15%) over the entire range of themeasurement. However, it has to be kept in mind the low eÆieny (� 40 � 50%) ofthe measuremnt, as disussed in Set. 7.1.1 and the satisfatory good desription ofthe data distributions by the MC. Thus, the orretion fators were still judged to bereliable for orreting the measuremnt to the hadron level. Furthermore, any possiblebias in the orretion fators is taken into aount in the systemati unertainty, wherethe orretion fator is hanged by evaluating it with either Rapgap or Satrap ratherthan the average of the two.The measured double di�erential ross setion as a funtion of zobsIP in di�erent re-gions of Q2 and E�T;j1 is shown in Figs.7.20 and 7.21, respetively. The NLO preditionsare ompared to the data in the same �gures. As it was done for the single di�erentialross setion, the ratios of data to the MRW 2006 predition are presented in Figs. 7.22and 7.23 together with the ratios of the NLO preditions using the other dPDFs tothe MRW 2006 NLO alulation. The same onsiderations made in Set. 7.4 are valid:the NLO alulation using the MRW 2006 and the H1 2006� FitB dPDFs desribesthe data over the entire kinematial range muh better than the NLO urves usingthe other dPDFs. It an be noted that the level of the NLO desription at �xed zobsIPstays approximately onstant as a funtion of the hard sale used in the alulation.This is a good evidene that the QCD desription adopted in the analysis works. TheQCD theory is able to predit the evolution of the dPDFs as a funtion of the saleone that the zobsIP dependene is given at an initial sale. The fat that the shape ofthe ross setion as a funtion of zobsIP is desribed by the NLO alulation at di�erent3The measured points were presented as a funtion of either Q2 or E�T;j1 and not ombinations ofthem, e.g. Q2 + (E�T;j1)2, beause it was preferred to present the ross setions in terms of physialquantities.



134 Cross setion measurement and disussion 7.0sales is a remarkable evidene that the DGLAP evolution works in the ontext underexamination.Under the assumption of the validity of the QCD fatorisation theorem, these dataould be inluded in future QCD �ts to the dPDFs themselves, together with theinlusive DIS data. This tehnique, already exploited in previous analyses both ofthe proton [83℄ and di�rative [81℄ PDF, has been proved to redue signi�antly theunertainty on the gluon parton densities. This an be intuitively understood from thedata presented here: the major di�erene between the H1 2006� FitB and Fit A is inthe gluon dPDF and these data have a lear disriminating power between the two �ts.Therefore these data have a signi�ant potential to further onstrain the gluon dPDF.
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Figure 7.15: The ontrol distributions as a funtion of zobsIP in di�erent regions ofQ2. The data entries are shown as dots, the statistial errors are shown as the er-ror bars. The data are ompared to the signal LO MC, Rapgap (solid red line) andSatrap (dashed blue line). The ontribution from resolved-photon proesses estimatedwith Rapgap is shown as a hathed area. The non-di�rative DIS bakground esti-mated with Djangoh is indiated by the dark solid area.
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Figure 7.16: The ontrol distributions as a funtion of zobsIP in di�erent regions of E�T;j1(dots). Other details as in the aption of Fig. 7.15.
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Figure 7.19: The purity, p, of the bins of the double di�erential ross setion estimatedwith Rapgap (blue triangles) and Satrap (green squares). The error bars representthe statistial unertainty on the estimation of p. The upper (lower) row presents p asa funtion of zobsIP in di�erent bins of Q2 (E�T;j1).
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Figure 7.20: Measured di�erential ross setion as a funtion of zobsIP in di�erent regionsof Q2 (dots). Other details as in the aption of Fig. 7.9.
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144 Cross setion measurement and disussion 7.0Kinemati region5 < Q2 < 100GeV2, 100 < W < 250GeVE�T;j1 > 5GeV, �3:5 < ��j1 < 0:0E�T;j2 > 4GeV, �3:5 < ��j2 < 0:0xIP < 0:03
Table 7.2: The kinemati region of de�nition of the ross setion measured in thisanalysis. The ross setion was de�ned for at least two jets reonstruted in the �prest frame. The leading jet had to have a transverse energy in the �p rest frame higherthe 5GeV while the jet with the seond highest E�T had to have a transverse energyhigher than 4GeV . All the jets had to lie in the pseudorapidity range �3:5 < ��jet < 0as measured in the �p rest frame. The virtuality of the photon, Q2, and the total �pentre-of-mass energy, W , had to be 5 < Q2 < 100GeV 2 and 100 < W < 250GeV ,respetively. The value of xIP had to be lower than 0:03.

� Æstat Æsyst ÆES Ætheor �DIFFR(pb) (pb) (pb) (pb) (pb) (pb)Data 91.5 1.2 +3:3�5:4 +5:2�3:8 { +4.1ZEUS LPS+harm 120.3 { { { +29:4�18:3 {H1 2006 - Fit A 130.2 { { { +31:2�19:9 {H1 2006 - Fit B 102.5 { { { +24:7�15:6 {MRW 2006 99.3 { { { +23:4�14:7 {Table 7.3: Total ross setion for the prodution of di�rative dijets ompared to ex-petations of NLO alulations using various dPDFs as indiated in the Table. Thekinemati range of the measurement is spei�ed in Table 7.2. The statistial, Æstat,unorrelated systemati, Æsyst, and energy sale unertainties, ÆES, are quoted sepa-rately. The theoretial unertainty on the NLO alulations, Ætheor, is quoted in thesixth olumn. The di�erene with the measured ross setion with and without �MAXut, �DIFFR, is presented in the last olumn. The unertainties on the proton dissoi-ation subtration and the luminosity measurement are not presented in the table.



Chapter 8Conlusions and outlookThis thesis presented an analysis of the prodution of dijets in di�rative Deep InelastiSattering (DDIS). The measurements were performed with the data olleted by theZEUS detetor at the HERA ollider during the data-taking period 1999-2000 fora total integrated luminosity of 61:3 pb�1. The single- and double-di�erential rosssetions for the prodution of dijets in di�rative DIS have been measured with theZEUS detetor in the kinemati region 5 < Q2 < 100 GeV2, 100 < W < 250GeV andxIP < 0:03, requiring at least two jets with E�T;jet > 4GeV in the pseudorapidity region�3:5 < ��jet < 0:0 and the highest-E�T jet with E�T;j1 > 5GeV.By requiring dijets in the DIS regime, it is possible to study di�ration in preseneof a hard sale (either the virtuality of the photon exhanged between the eletron andthe proton or the transverse energy of the jets). This allows to use the perturbativetheory for desribing the proess. Furthermore, the main hannel for produing dijetsis via boson-gluon fusion, i.e. this proess is diretly sensitive to the gluon ontentof the di�rative PDFs. It has been demonstrated in previous analyses that gluon-initiated proesses onstitute the majority of the di�rative interations. Beause ofthese peuliar properties, di�rative dijet prodution is an exellent benhmark for thetheory.Experimental features of the analysis. This was the �rst analysis of this kindarried out at ZEUS. The DIS kinematis were reonstruted with the double anglemethod exploiting the informations of the sattered eletron and the hadroni �nalstate as measured with the high-resolution uranium alorimeter. The jets were reon-struted in the �p rest frame from energy ow objets with the longitudinally-invariantkT lustering algorithm. The di�rative events were tagged by requiring the preseneof a large rapidity gap (LRG) in the diretion of the sattered proton. This methodprovides a lear experimental signature for di�ration and a �nal sample with highstatistis. In this analysis a partiularly relevant role was played by the forward plugalorimeter (FPC) subdetetor. The LRG requirement was imposed by vetoing eventswith an energy deposit in the FPC higher than the signal utuations. No expliit uton the pseudorapidity of the partiles produed in the interation was applied. The ex-perimental method pursued provided inreased statistis and required smaller unfoldingorretions. In this way the impat of the simulation of proesses like the fragmen-145



146 Conlusions and outlook 8.0tation of the partons produed and the showering of the partiles in the alorimeter,poorly desribed by the MC, was redued. All these experimental tehniques resultedin a preise measurement, to date the most aurate of its kind.The total, single and double di�erential ross setion were extrated. The totalross setion was measured to be�DTOT(ep! epj1j2X 0) = 91:5� 1:2(stat:) +3:3�5:4(syst:) +6:4�5:3(orr:) pbThe di�erential ross setion as a funtion of E�T;jj exhibited a steep fall o� asexpeted from QCD. The requirement of two jets with a minimum E�T imposes akinematial onstraint on MX biasing the distributions towards higher values of MXand xobsIP . A peak at zobsIP � 0:3 in the di�erential ross setion was observed. Thisindiates that in the most of the events a large hadroni ativity is present outside thedijet system. A tail at low values of xobs is also observed.The double di�erential ross setion was presented both in bins of zobsIP and Q2and in bins of zobsIP and E�T;j1. The measurement of double di�erential ross setionsprovides at the same time a more detailed analysis of the proess and a valuable inputfor theoretial models.Comparison to LO Monte Carlos. The measured ross setions were ompared totwo LOMCs, Rapgap and Satrap . Although they were based on di�erent theoretialapproahes, the two MCs provided similar preditions, as expeted theoretially forhigh E�T jets. The agreement in shape with the experimental distributions was goodover the whole kinematial range. The introdution in Rapgap of resolved-photonproesses improved the desription at low xobs .Comparison to NLO alulation. The improvement in the reent years of thetheoretial and experimental understanding of di�ration has given the possibility todevelop more re�ned Next-To-Leading Order (NLO) QCD �ts and alulations thatan now be tested. Reent analyses from ZEUS and H1 supported the validity of theQCD fatorisation theorem in DIS. Under this assumption, the preise measurementpresented here an be exploited for putting more stringent onstraints on the theorythat still has not the same auray as for the inlusive sattering. The Disentprogram was used to alulate the NLO preditions for the ross setion. Sine thisprogram was natively written for standard non-di�rative DIS interations, it had tobe modi�ed in order to aept the dPDFs. This was proposed in a previous analysisby the H1 ollaboration and was done for the �rst time at ZEUS.The NLO alulation was performed with di�erent dPDFs available at the time ofthe analysis. Signi�ant di�erenes between the entral values of the preditions wereobserved. The absolute normalisation of the measured ross setion was desribed bythe NLO alulation, supporting the validity of QCD fatorisation in di�rative DIS.However, the large theoretial unertainties did not allow to make any de�nitive state-ment about it. This aspet, ompared to the preision of the measured data, suggeststhat these data have a strong onstraining power on the theoretial preditions. Theentral values of the alulation using two of the available dPDFs, the H1 2006� FitB



147and MRW 2006 �t, provided a good desription of the data both in normalisation andshape over the entire kinematial range. The preditions using the ZEUS LPS+harmand H1 2006� FitA dPDFs were higher than the data in normalisation and did not de-sribe the shape of the data distributions in some regions of the phase spae, espeiallyat high zobsIP .Outlook. These data an be very useful for developing a more re�ned theoretialdesription of di�ration. It has been shown that the dijets data an be inluded ina NLO QCD �t together with the inlusive data improving signi�antly the aurayof the parton densities, espeially the gluon ontribution. The double di�erential rosssetion was presented in suh a way to inlude it into suh a ombined �t. This wouldbe the most natural next step for this analysis. However, the dijet data are rih ofinformations that have still to be extrated. The azimuthal asymmetries between thesattered eletron and the high E�T jets an reveal insights on the ratio between theyields of di�rative dijets with longitudinally and transversely polarised virtual pho-tons. Repeating the analysis without the LRG requirement but tagging the satteredproton with the ZEUS Leading Proton Spetrometer would give a measurement that,although not ompetitive in preision with the present one, would provide a riheramount of information like the t-distribution for this set of events. An extension tohigher values of the transverse energy of the jets would be welomed beause of theredued theoretial unertainties in that kinematial region. It ould be ahieved withthe high statistis of the HERA II data sample. However, modi�ations of the detetorapparatus may redue the advantages of this analysis: in order to alloate the magnetsthat inreased the luminosity, the rear beam hole in the alorimeter was enlarged andthe FPC was taken away, a�eting in this way the detetion of both low Q2 (i.e. highstatistis) and di�rative events. A study would be needed in order to determine thefeasibility of suh an analysis.The theory of di�ration an be signi�antly improved by the data presented in thisthesis. Any progress in the dPDFs auray and in the understanding of soft resat-terings will be of great support to the rih di�rative physis program at the LHC.The study of dijets is a preious tool for understanding di�rative physis andinluding it in the QCD framework. The use of QCD theoretial methods in di�rationhas beome available in the reent years and dijets are a powerful benhmark for testingand improving them. Big improvements have been ahieved on the way of promotingdi�rative physis as a respetable branh of QCD, as shown in this thesis, nonethelessa lot of work has still to be done and di�ration has still a lot to teah us about thenature of the proton and the strong interation in general.
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Appendix AZEUS Coordinate systemThe ZEUS oordinate system is shown in Fig. A.1. It is a right-handed Cartesiansystem with the Z�axis pointing along the proton beam diretion. The origin ofthe referene system is loated at the nominal interation point. The standard polaroordinates are used to de�ne the � and � angles and the distane � =px2 + y2.
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Figure A.1: The ZEUS oordinate system.
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Appendix BJet energy orretionsThe energy ow objets (EFOs) used for reonstruting the jets were orreted forthe inative material in the detetor as desribed in Set. 4.2.3. The desription ofthe inative material proved to be reliable beause of the good desription of severalmeasured quantities by the MC (the detetor-level transverse energy of the jets, forinstane, see Fig. 6.8-6.12). However, the orrelation with the same quantity at thehadron-level is a�eted by that. This beause the energy losses biased the jet reon-strution. The transverse energies of the jets were therefore orreted in both MC anddata with some fators estimated with the Rapgap MC desribed in Set. 5.1.1. Theevaluation of the jet energy orretions was arried out through the following steps:� A DIS jet sample was seleted by imposing the DIS seletions desribed inSet. 6.1.2 and uts on jets looser than the ones used in the �nal analysis:{ E�T;jet > 2:5GeV, where E�T;jetwas the transverse energy of the jet in the �prest frame;{ �3:5 < ��jet < 0:0, where ��jetwas the pseudorapidity of the jet in the �p restframe;{ �2:0 < �LABjet < 2:0, where �LABjet was the pseudorapidity of the jet in thelaboratory frame.The hadron seletion applied was exatly the same of the �nal analysis. For theevaluation of the jet energy orretions, no di�rative uts were applied, neitherat the hadron nor at the detetor level. The latter hoie was motivated bygaining statistis for this kind of analysis that is supposed to be insensitive tothe di�rative requirement.� The detetor-level jets were mathed to the hadron-level jets in the � � � planein the  � p rest frame. The distane between a detetor-level and a hadron-leveljet, �R was de�ned as�R =q(��jet;det � ��jet;had)2 + (��jet;det � ��jet;had)2 (B.1)151



152 Jet energy orretions B.0where the subsripts det and had refer to the detetor- and hadron-level quan-tities, respetively. A detetor-level jet was mathed to the losest hadron-leveljet; in any ase it had to be �R < 1 in order to math the detetor-level jet;� the orrelation in E�T;jetbetween the mathed pairs of detetor- and hadron-leveljets was plotted in bins of ��jet;� a �t in the form E�;detT;jet = P0 + P1 � E�;hadT;jet (B.2)was performed for eah bin in ��jet;� the Eq. B.2 was inverted and the new orreted transverse energy of the jet atthe detetor level, E�;detT;jet (orr) was evaluated aording toE�;detT;jet (orr) = E�;detT;jet � P0P1 (B.3)The funtion used to orret the detetor-level transverse energy, E�;detT;jet , dependedlinearly by E�;detT;jet itself. The two parameters of the linear orretion hanged aordingto the pseudorapidity in the  � p rest frame. This allowed to take more arefully inaount the di�erent amounts of inative material in the detetor.The orrelation between hadron- and detetor-level jet transverse energies beforethe orretions is shown in Fig. B.1. After the orretions, the same orrelations looklike in Fig. B.2. The parameters P0 and P1 obtained from the linear �t B.2 and usedfor orreting the jets are shown in Fig. B.3 as a funtion of ��jet.
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Figure B.1: The orrelation of the E�T;jetfor MC jets reonstruted at the hadron anddetetor level before the jet energy orretions. The Rapgap sample desribed inSet. 5.1.1 was used. The orrelation is shown in bins of pseudorapidity of the jetas measured in the �p rest frame. The thin blue line shows the result of a linear �t tothe orrelation. The thik blak line indiates the 45Æ line.
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Figure B.2: The orrelation of the E�T;jetfor MC jets reonstruted at the hadronand detetor level after the jet energy orretions. The Rapgap sample desribed inSet. 5.1.1 was used. The orrelation is shown in bins of pseudorapidity of the jet asmeasured in the laboratory frame. The thin blue line shows the result of a linear �t tothe orrelation. The thik blak line indiates the 45Æ line.



155

Figure B.3: The parameters (left) P0 and (right) P1 used for the jet orretions as afuntion of the jet pseudorapidity in the �p rest frame, ��jet.
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Appendix CResolutionsThe resolution indiates the auray of the reonstrution at the detetor-level ofthe hadron-level value of a variable. It was estimated with the Rapgap MC (seeSet.5.1.1). The resolutions are presented as a funtion of the variables used in theross setion extration (see Set.7) in Figs. C.1{C.3. The plots show for eah variable� � the orrelation between the hadron- and detetor-level values for all the events;� the distribution for the events of the residual, r�, de�ned asr� = d� � h�h�where d� and h� indiate the detetor-level and hadron-level values of the variable� for eah event;� the mean and the full width at half maximum (FWHM) of the residual distribu-tions for eah bin of eah variable.Eventual seletions on the onsidered variable were not applied in order to not biasthe resolutions. The resolution on ��j1 has been alulated only on mathed jets, i.e.only detetor-level jets mathed in the � � � plane to hadron level jets entered in theresolution alulation. The mathing proedure is the same desribed in Appendix B.
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158 Resolutions C.0

Figure C.1: Resolution on (left olumn) Q2, (entral olumn) W and (right olumn)MX . The �rst row indiates the orrelation between the generated (X�axis) and reon-struted (Y�axis) values of eah variable. The middle row the total distribution of theresiduals for eah variable. The bottom row presents the distribution of the residuals foreah bin in the generated value of the variables. In the latter plot, the points indiatethe mean of the distributions while the rror bars the Half Width at Half Maximum ofthe distributions.
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Figure C.2: Resolution on (left olumn) xIP , (entral olumn) the transverse energy ofthe jet with highest transverse energy in the �p frame, E�T;j1 and (right olumn) thepseudorapidity of the jet with highest transverse energy in the �p frame, ��j1. Otherdetails in the aption of Fig. C.1.
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Figure C.3: Resolution on (left olumn) �, (entral olumn) zobsIP and (right olumn)xobs . Other details in the aption of Fig. C.1.



Appendix DSystematisThe unertainties related to the experimental devies and tehniques ontribute tothe systemati unertainties. Several soures of systemati unertainties have beenheked. A more detailed desription of the systemati heks and their treatmentan be found in Set. 7.1.3. In the following pages, the single ontributions omingfrom eah of them are presented. The ontributions an beFor ease of presentation inthe �gures, an identifying number was assoiated to eah of them. They are listed asfollows:ID1 the energy sale of the alorimeter was dereased by 3% only in the Monte Carlo(MC) simulation;ID2 the energy sale of the alorimeter was inreased by 3% only in the MC simulation;ID3 the energy sale of the DIS sattered eletron was dereased by 2% only in theMC simulation;ID4 the energy sale of the DIS sattered eletron was inreased by 2% only in theMC simulation;ID5 the energy sale of the FPC was dereased by 10% only in the MC simulation;ID6 the energy sale of the FPC was inreased by 10% only in the MC simulation;ID7 the size of the �duial area outside whih the DIS eletron had to lie was shrinkedby 0:5 m;ID8 the size of the �duial area outside whih the DIS eletron had to lie was enlargedby 0:5 m;ID9 the seletion on the energy of the sattered eletron was dereased from 10 GeVto 8 GeV;ID10 the lower threshold of the seletion on the total E�pZ was hanged from 45 GeVto 43 GeV; 161



162 Systematis D.0ID11 the position along the Z�axis of the SRTD was shifted by 2 mm away from theinteration point only in the MC;ID12 the position along the Z�axis of the SRTD was shifted by 2 mm towards theinteration point only in the MC;ID13 the fators used to orret for the detetor smearing where alulated using onlythe Rapgap MC;ID14 the fators used to orret for the detetor smearing where alulated using onlythe Satrap MC;In Figs. D.1-D.9, the relative unertainties introdued by eah of the systematiunertainties listed above are presented for eah variable separately. In Figs. D.10-D.23 the ontribution of eah systemati is presented for all the variables in one plot.
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Figure D.1: The relative error introdued by the systemati unertainties for Q2. Ev-ery di�erent pad onsiders only one bin of the variable. Every pad shows the singleontributions from all the systemati soures. The solid line indiates the size of thestatistial error.
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Figure D.2: The relative error introdued by the systemati unertainties for W . Otherdetails as in the aption of Fig. D.1.
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Figure D.3: The relative error introdued by the systemati unertainties for xIP . Otherdetails as in the aption of Fig. D.1.
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Figure D.4: The relative error introdued by the systemati unertainties for �. Otherdetails as in the aption of Fig. D.1.
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Figure D.5: The relative error introdued by the systemati unertainties for E�T;jj.Other details as in the aption of Fig. D.1.
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Figure D.6: The relative error introdued by the systemati unertainties for ��jj. Otherdetails as in the aption of Fig. D.1.
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Figure D.7: The relative error introdued by the systemati unertainties forMX. Otherdetails as in the aption of Fig. D.1.
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Figure D.8: The relative error introdued by the systemati unertainties for zobsIP . Otherdetails as in the aption of Fig. D.1.
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Figure D.9: The relative error introdued by the systemati unertainties for xobs .Other details as in the aption of Fig. D.1.
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Figure D.10: The relative error introdued by the systemati ID1 unertainties forthe following variables: Q2, W , xobsIP , �,E�T;jj, ��jj, MX, zobsIP and xobs . The solid lineindiates the size of the statistial error.
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Figure D.11: The relative error introdued by the systemati ID2 unertainties forthe following variables: Q2, W , xobsIP , �,E�T;jj, ��jj, MX, zobsIP and xobs . The solid lineindiates the size of the statistial error.
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Figure D.12: The relative error introdued by the systemati ID3 unertainties forthe following variables: Q2, W , xobsIP , �,E�T;jj, ��jj, MX, zobsIP and xobs . The solid lineindiates the size of the statistial error.
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Figure D.13: The relative error introdued by the systemati ID4 unertainties forthe following variables: Q2, W , xobsIP , �,E�T;jj, ��jj, MX, zobsIP and xobs . The solid lineindiates the size of the statistial error.
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Figure D.14: The relative error introdued by the systemati ID5 unertainties forthe following variables: Q2, W , xobsIP , �,E�T;jj, ��jj, MX, zobsIP and xobs . The solid lineindiates the size of the statistial error.
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Figure D.15: The relative error introdued by the systemati ID6 unertainties forthe following variables: Q2, W , xobsIP , �,E�T;jj, ��jj, MX, zobsIP and xobs . The solid lineindiates the size of the statistial error.
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Figure D.16: The relative error introdued by the systemati ID7 unertainties forthe following variables: Q2, W , xobsIP , �,E�T;jj, ��jj, MX, zobsIP and xobs . The solid lineindiates the size of the statistial error.
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Figure D.17: The relative error introdued by the systemati ID8 unertainties forthe following variables: Q2, W , xobsIP , �,E�T;jj, ��jj, MX, zobsIP and xobs . The solid lineindiates the size of the statistial error.
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Figure D.18: The relative error introdued by the systemati ID9 unertainties forthe following variables: Q2, W , xobsIP , �,E�T;jj, ��jj, MX, zobsIP and xobs . The solid lineindiates the size of the statistial error.
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Figure D.19: The relative error introdued by the systemati ID10 unertainties forthe following variables: Q2, W , xobsIP , �,E�T;jj, ��jj, MX, zobsIP and xobs . The solid lineindiates the size of the statistial error.
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Figure D.20: The relative error introdued by the systemati ID11 unertainties forthe following variables: Q2, W , xobsIP , �,E�T;jj, ��jj, MX, zobsIP and xobs . The solid lineindiates the size of the statistial error.
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Figure D.21: The relative error introdued by the systemati ID12 unertainties forthe following variables: Q2, W , xobsIP , �,E�T;jj, ��jj, MX, zobsIP and xobs . The solid lineindiates the size of the statistial error.
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Figure D.22: The relative error introdued by the systemati ID13 unertainties forthe following variables: Q2, W , xobsIP , �,E�T;jj, ��jj, MX, zobsIP and xobs . The solid lineindiates the size of the statistial error.
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Figure D.23: The relative error introdued by the systemati ID14 unertainties forthe following variables: Q2, W , xobsIP , �,E�T;jj, ��jj, MX, zobsIP and xobs . The solid lineindiates the size of the statistial error.



Appendix ENumerial values of the measureddi�erential ross setion
Q2 bin d�=dQ2 Æstat Æsyst ÆES �DIFFR(GeV2) (pb/GeV2) (pb/GeV2) (pb/GeV2) (pb/GeV2) (pb/GeV2)5, 8 7.4 � 0.2 +0:3�0:5 +0:5�0:5 0.18, 12 4.2 � 0.13 +0:2�0:3 +0:3�0:3 0.112, 17 2.7 � 0.1 +0:2�0:2 +0:2�0:2 0.217, 25 1.28 � 0.05 +0:08�0:12 +0:08�0:07 0.0525, 35 0.94 � 0.04 +0:07�0:07 +0:06�0:05 0.0635, 50 0.52 � 0.02 +0:02�0:03 +0:03�0:03 0.0150, 70 0.26 � 0.01 +0:02�0:01 +0:01�0:01 0.0270, 100 0.133 � 0.008 +0:020�0:003 +0:005�0:006 0.020Table E.1: Values of the di�erential ross setion as a funtion of Q2 for the produ-tion of di�rative dijets. The range over whih the ross setion is averaged is givenin the �rst olumn. The statistial, Æstat, unorrelated systemati, Æsyst, and energysale unertainties, ÆES, are quoted separately. The theoretial unertainty on the NLOalulations, Ætheor, is quoted in the sixth olumn. The di�erene with the measuredross setion with and without �MAX ut, �DIFFR, is presented in the last olumn. Theunertainties on the proton dissoiation subtration and the luminosity measurementare not presented in the table.
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176 Numerial values of the measured di�erential ross setion E.0W bin d�=dW Æstat Æsyst ÆES �DIFFR(GeV) (pb/GeV) (pb/GeV) (pb/GeV) (pb/GeV) (pb/GeV)100, 125 0.25 � 0.01 +0:02�0:03 +0:01�0:01 0.01125, 150 0.42 � 0.02 +0:04�0:03 +0:02�0:03 0.03150, 175 0.65 � 0.02 +0:04�0:06 +0:04�0:04 0.03175, 200 0.69 � 0.02 +0:03�0:04 +0:05�0:04 0.01200, 225 0.77 � 0.02 +0:06�0:03 +0:05�0:05 0.05225, 250 0.80 � 0.03 +0:03�0:06 +0:05�0:05 0.02Table E.2: Values of the di�erential ross setion as a funtion of W . Other details asin the aption of Table E.1.
MX bin d�=dMX Æstat Æsyst ÆES �DIFFR(GeV) (pb/GeV) (pb/GeV) (pb/GeV) (pb/GeV) (pb/GeV)9, 14 1.25 � 0.06 +0:02�0:08 +0:05�0:06 -0.0314, 20 4.2 � 0.1 +0:2�0:2 +0:2�0:2 0.120, 26 4.4 � 0.1 +0:2�0:4 +0:2�0:2 0.026, 32 3.1 � 0.1 +0:2�0:3 +0:3�0:2 -0.132, 42 1.15 � 0.05 +0:09�0:06 +0:12�0:09 0.08Table E.3: Values of the di�erential ross setions with respet to MX . Other detailsas in the aption of Table E.1.� bin d�=d� Æstat Æsyst ÆES �DIFFR(� 10�2) (pb) (pb) (pb) (pb) (pb)0.32, 0.63 1238 � 102 +30�76 +150�137 -730.63, 1.26 2110 � 82 +152�219 +195�175 -111.26, 2.51 1713 � 48 +106�131 +110�107 452.51, 5.01 894 � 24 +39�80 +53�49 35.01, 10.00 324 � 10 +9�18 +14�17 410.00, 19.95 84 � 3 +4�3 +4�4 419.95, 39.81 8.8 � 0.7 +0:4�0:5 +0:5�0:5 0.4Table E.4: Values of the di�erential ross setions with respet to �. Other details asin the aption of Table E.1.



177

xobsIP bin d�=dxobsIP Æstat Æsyst ÆES �DIFFR(� 10�2) (pb) (pb) (pb) (pb) (pb)0.25, 0.50 3131 � 220 +103�191 +127�137 -670.50, 0.79 6099 � 274 +51�89 +247�302 250.79, 1.26 8105 � 250 +108�361 +363�434 631.26, 1.99 8329 � 205 +266�676 +455�456 351.99, 3.00 8070 � 182 +656�651 +695�582 503Table E.5: Values of the di�erential ross setions with respet to xobsIP . Other detailsas in the aption of Table E.1.E�T;jj bin d�=dE�T;jj Æstat Æsyst ÆES �DIFFR(GeV) (pb/GeV) (pb/GeV) (pb/GeV) (pb/GeV) (pb/GeV)4, 5.5 50.9 � 0.8 +3:2�3:7 +2:5�2:9 2.85.5, 7.5 39.8 � 0.6 +2:6�2:8 +2:3�2:0 1.87.5, 9.5 9.7 � 0.3 +0:7�0:9 +0:8�0:9 0.29.5, 11.5 2.2 � 0.1 +0:1�0:1 +0:3�0:2 0.111.5, 13.5 0.59 � 0.05 +0:02�0:01 +0:07�0:10 0.0213.5, 16 0.10 � 0.02 +0:02�0:02 +0:01�0:03 0.00Table E.6: Values of the di�erential ross setions with respet to E�T;jj. Other detailsas in the aption of Table E.1.



178 Numerial values of the measured di�erential ross setion E.0��jj bin d�=d��jj Æstat Æsyst ÆES �DIFFR(pb) (pb) (pb) (pb) (pb)-3.5, -3 56.1 � 1.4 +2:5�3:7 +7:7�7:6 1.6-3, -2.5 97.1 � 1.8 +3:6�6:1 +7:1�7:0 1.8-2.5, -2 88.4 � 1.7 +5:7�5:9 +5:0�4:8 4.8-2, -1.5 65.5 � 1.5 +4:1�4:1 +3:7�4:0 3.4-1.5, -1 34.9 � 1.1 +3:3�2:6 +2:7�2:0 3.0-1, -0.5 13.4 � 0.6 +1:4�1:3 +1:4�1:3 1.1-0.5, 0 1.7 � 0.2 +0:4�0:4 +0:3�0:2 -0.2Table E.7: Values of the di�erential ross setions with respet to ��jj. Other details asin the aption of Table E.1.zobsIP d�=dzobsIP Æstat Æsyst ÆES �DIFFR(pb) (pb) (pb) (pb) (pb)0, 0.125 25.4 � 2.0 +0:9�2:4 +3:79�2:12 -2.080.125, 0.25 131.6 � 4.4 +8:6�13:5 +12:29�10:80 0.680.25, 0.375 152.3 � 4.5 +9:4�12:3 +9:9�9:6 5.10.375, 0.5 132.0 � 4.1 +8:2�10:0 +6:0�8:0 5.60.5, 0.625 98.3 � 3.5 +5:7�7:6 +5:1�5:2 2.30.625, 0.75 82.9 � 3.3 +1:4�2:9 +3:9�3:9 0.50.75, 0.875 57.8 � 2.6 +1:7�3:2 +2:9�3:0 -1.60.875, 1 31.5 � 2.0 +3:1�4:0 +2:2�1:5 -1.3Table E.8: Values of the di�erential ross setions with respet to zobsIP . Other detailsas in the aption of Table E.1.xobs bin d�=dxobs Æstat Æsyst ÆES �DIFFR(pb) (pb) (pb) (pb) (pb)0, 0.25 6.3 � 0.6 +0:9�0:5 +0:7�0:3 0.90.25, 0.5 25.2 � 1.2 +2:9�1:5 +1:5�2:2 2.60.5, 0.75 85.2 � 2.3 +4:4�5:5 +7:6�8:0 3.40.75, 1 238.3 � 4.0 +10:9�17:1 +12:3�11:6 5.8Table E.9: Values of the di�erential ross setions with respet to xobs . Other detailsas in the aption of Table E.1.
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zobsIP bin d�=dzobsIP dE�T;j1 Æstat Æsyst ÆES �DIFFR(pb/GeV) (pb/GeV) (pb/GeV) (pb/GeV) (pb/GeV)5:0 < E�T;j1 < 6:5GeV(< E�T;j1 >= 5:7GeV)0, 0.25 31.8 � 1.3 +2:1�4:1 +1:9�1:3 -1.20.25, 0.375 55.8 � 2.4 +4:4�4:8 +2:5�2:4 3.10.375, 0.5 47.5 � 2.2 +3:0�3:0 +1:9�2:4 2.50.5, 0.625 36.2 � 2.0 +1:1�1:7 +1:6�1:9 1.00.625, 0.75 30.5 � 1.9 +0:3�2:0 +1:4�1:3 -0.80.75, 0.875 20.3 � 1.5 +1:3�2:1 +0:9�0:9 -1.20.875, 1 10.6 � 1.1 +0:2�1:0 +0:4�0:5 -0.46:5 < E�T;j1 < 8:0GeV(< E�T;j1 >= 7:2GeV)0, 0.25 14.1 � 0.8 +1:5�1:6 +1:0�0:6 0.20.25, 0.375 26.2 � 1.4 +1:2�2:3 +1:9�2:0 -0.90.375, 0.5 22.9 � 1.3 +2:0�1:8 +1:7�0:9 1.90.5, 0.625 18.4 � 1.2 +0:9�1:0 +1:2�1:0 0.70.625, 0.75 14.5 � 1.1 +0:7�0:8 +0:6�0:6 0.10.75, 0.875 11.8 � 0.9 +0:8�0:9 +0:6�0:8 0.00.875, 1 5.0 � 0.6 +0:1�0:2 +0:5�0:2 -0.18:0 < E�T;j1 < 16:0GeV(< E�T;j1 >= 9:7GeV)0, 0.25 0.56 � 0.05 +0:07�0:04 +0:08�0:07 0.060.25, 0.375 2.3 � 0.1 +0:4�0:3 +0:2�0:2 0.20.375, 0.5 2.3 � 0.1 +0:2�0:2 +0:2�0:3 -0.10.5, 0.625 1.8 � 0.1 +0:1�0:2 +0:1�0:2 0.00.625, 0.75 1.7 � 0.1 +0:1�0:0 +0:2�0:2 0.10.75, 0.875 1.5 � 0.1 +0:0�0:1 +0:1�0:2 0.00.875, 1 0.9 � 0.1 +0:0�0:1 +0:1�0:1 -0.1Table E.10: Values of the double di�erential ross setions with respet to zobsIP in binsof E�T;j1. Other details as in the aption of Table E.1.



180 Numerial values of the measured di�erential ross setion E.0

zobsIP bin d�=dzobsIP dQ2 Æstat Æsyst ÆES �DIFFR(pb=GeV2) (pb=GeV2) (pb=GeV2) (pb=GeV2) (pb=GeV2)0, 0.25 5.5 � 0.2 +0:4�0:6 +0:4�0:4 0.00.25, 0.375 9.0 � 0.4 +0:6�0:8 +0:7�0:7 -0.10.375, 0.5 7.6 � 0.4 +0:4�0:5 +0:5�0:5 0.30.5, 0.625 5.1 � 0.3 +0:1�0:2 +0:4�0:4 0.10.625, 0.75 4.4 � 0.3 +0:1�0:2 +0:3�0:2 0.10.75, 0.875 3.2 � 0.3 +0:1�0:2 +0:2�0:2 -0.10.875, 1 1.4 � 0.2 +0:1�0:2 +0:1�0:1 -0.112 < Q2 < 25GeV2(< Q2 >= 17:2GeV2)0, 0.25 1.38 � 0.08 +0:13�0:16 +0:09�0:07 0.070.25, 0.375 3.1 � 0.2 +0:4�0:2 +0:2�0:2 0.40.375, 0.5 2.2 � 0.1 +0:1�0:2 +0:1�0:1 0.10.5, 0.625 2.0 � 0.1 +0:1�0:2 +0:1�0:1 0.00.625, 0.75 1.6 � 0.1 +0:1�0:1 +0:1�0:1 0.00.75, 0.875 1.3 � 0.1 +0:0�0:1 +0:1�0:1 -0.10.875, 1 0.66 � 0.08 +0:01�0:04 +0:05�0:03 -0.01Table E.11: Values of the double di�erential ross setions with respet to zobsIP in binsof E�T;j1. Other details as in the aption of Table E.1.
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zobsIP bin d�=dzobsIP dQ2 Æstat Æsyst ÆES �DIFFR(pb=GeV2) (pb=GeV2) (pb=GeV2) (pb=GeV2) (pb=GeV2)25 < Q2 < 50GeV2(< Q2 >= 35:2GeV2)0, 0.25 0.49 � 0.03 +0:03�0:07 +0:03�0:02 -0.060.25, 0.375 1.00 � 0.07 +0:07�0:13 +0:06�0:07 -0.030.375, 0.5 0.99 � 0.07 +0:06�0:06 +0:04�0:06 0.050.5, 0.625 0.76 � 0.06 +0:06�0:02 +0:04�0:04 0.060.625, 0.75 0.62 � 0.05 +0:03�0:04 +0:04�0:03 -0.010.75, 0.875 0.47 � 0.05 +0:02�0:02 +0:03�0:04 0.000.875, 1 0.23 � 0.03 +0:01�0:01 +0:02�0:01 0.0050 < Q2 < 100GeV2(< Q2 >= 69:5GeV2)0, 0.25 0.09 � 0.01 +0:00�0:01 +0:01�0:01 0.000.25, 0.375 0.25 � 0.02 +0:05�0:01 +0:02�0:01 0.050.375, 0.5 0.29 � 0.03 +0:02�0:01 +0:01�0:02 0.020.5, 0.625 0.20 � 0.02 +0:02�0:01 +0:01�0:01 0.020.625, 0.75 0.16 � 0.02 +0:01�0:00 +0:01�0:01 0.010.75, 0.875 0.12 � 0.02 +0:00�0:00 +0:01�0:01 0.000.875, 1 0.10 � 0.01 +0:01�0:01 +0:01�0:01 0.00Table E.12: Values of the double di�erential ross setions with respet to zobsIP in binsof E�T;j1. Other details as in the aption of Table E.1.





Bibliography[1℄ S.L. Glashow, Nul. Phys. 20, 579 (1961);S. Weinberg, Phys. Lett. 19, 1264 (1967);A. Salam, Elementary partile theory, ed. N. Svartholm (1968).[2℄ F. Halzen and A. Martin, Quarks and Leptons: an introdutory ourse in ModernPartile Physis, John Wiley & sons, In. (1984).[3℄ E. Leader and E. Predazzi, An Introdution to Gauge Theories and Modern Par-tile Physis, Cambridge University Press (1996).[4℄ M. Gell-Mann, Phys. Lett. 8, 214 (1964).[5℄ P.W. Higgs, Phys. Rev. Lett. 12, 132 (1964);P.W. Higgs, Phys. 145, 1156 (1966).[6℄ F. Gianotti, Collider Physis: LHC, ATL-CONF-2000-001.[7℄ R. Feynman, Phys. Rev. Lett. 23, 1415 (1969).[8℄ R. Devenish and A. Cooper{Sarkar, Deep Inelasti Sattering, Oxford UniversityPress (2004).[9℄ E.D. Bloom et al., Phys. Rev. Lett. 23, 930 (1969);M. Breidenbah et al., Phys. Rev. Lett. 23, 935 (1969).[10℄ G. Sterman et al., Handbook of pQCD ; available athttp://www.phys.psu.edu/�teq/handbook/v1.1/handbook.pdf .[11℄ B. Delamotte, Am. J. Phys. 72, 170 (2004);e-Print: http://arxiv.org/abs/hep-th/0212049 .[12℄ W.-M. Yao et al., Review of Partile Physis, J. Phys. G 33, 1 (2006).[13℄ C. Glasman,Proeedings of the XIII International Workshop on Deep InelastiSattering, Madison, USA (2005);e-Print: http://arxiv.org/abs/hep-ex/0506035 .[14℄ J.C. Collins, D.E. Soper and G. Sterman, Perturbative Quantum Chromodynamis,pag. 1, ed. A.H. Mueller, World Sienti� Singapore.183



184 BIBLIOGRAPHY[15℄ V.N. Gribov and L.N. Lipatov, Sov. J. Nul. Phys. 15, 438 (1972);L.N. Lipatov, Sov. J. Nul. Phys. 20, 96 (1975);Y.L. Dokshitzer, Sov. Phys. JETP 46, 641 (1977).[16℄ G. Altarelli and G. Parisi, Nul. Phys. B 126, 298 (2007);G. Altarelli, Nul. Phys B 81, 1 (1981).[17℄ ZEUS Coll., S. Chekanov et al., Phys. Review D 67, 012007 (2003).[18℄ Y. Balitzki and L.N. Lipatov, Phys. Rev. Lett. 28, 822 (1978);E.A. Kuraev, L.N. Lipatov and V.S. Fadin, Phys.Rev. Lett. 44, 443 (1976);E.A. Kuraev, L.N. Lipatov and V.S. Fadin, Phys.Rev. Lett. 45, 199 (1977).[19℄ J.R. Forshaw, G. Kerley and G.Shaw, Phys. Rev. D 60, 074012 (1999);K. Gole-Biernat, Ata Phys. Pol. 33, 2771 (2002).[20℄ K. Gole-Biernat and M. W�ustho�, Phys. Rev. D 59, 014017 (1999).[21℄ L.V. Gribov, E.M. Levin and M.G. Ryskin, Phys. Rep. 100, 1 (1983).[22℄ K. Gole-Biernat, J. Phys. G 28, 1057 (2002).[23℄ J.E. Huth et al., Pro. of the 1990 DPF Summer Study on Physis, Colorado, ed.E.L. Berger, (World Sienti�, Singapore, 1992) 134.[24℄ UA1 Coll., G. Arnison et al., Phys. Lett. B 123, 115 (1983).[25℄ M.H. Seymour, CERN-TH/95-176.[26℄ G.C. Blazey et al., e-Print: hep-ex/0005012 .[27℄ G.P. Salam and G. Soyez, JHEP 5, 086 (2007).[28℄ JADE Coll., W. Bartel et al., Z. Phys. C 33, 23 (1986);JADE Coll., S. Bethke et al., Phys. Lett B 213, 235 (1988).[29℄ S. Catani, Yu.L. Dokshitzer and B.R. Webber, Phys. Lett. B 285, 291 (1992),CERN-TH-6473-92;S. Catani, Yu.L. Dokshitzer and B.R. Webber, Nul. Phys. B 406, 187 (1993),CERN-TH-6775-93.[30℄ S. Catani and M.H. Seymour, Nul. Phys. B 485, 291 (1997);Erratum-ibid., B 510, 503 (1997).[31℄ Mark-J Coll., D.P. Barber et al., Phys. Rev. Lett. 43, 830 (1979);TASSO Coll., R. Brandelik et al., Phys. Lett. B 86, 243 (1979);PLUTO Coll., C. Berger et al., Phys. Lett. B 86, 418 (1979).[32℄ ZEUS Coll., S. Chekanov et al., Phys. Lett. B 551, 226 (2003).[33℄ Z. Nagy and Z. Trosanyi, Nul. Phys. Pro. Suppl. 74, 44 (1999).



BIBLIOGRAPHY 185[34℄ ZEUS Coll., S. Chekanov et al., Eur. Phys. J. C 44, 183 (2005).[35℄ ZEUS Coll., J.Breitweg et al., Eur. Phys. J. C 8, 367 (1999).[36℄ ZEUS Coll., S. Chekanov et al., Eur. Phys. J. C42, 1 (2005).[37℄ ZEUS Coll., S. Chekanov et al., Nul. Phys. B 765, 1 (2007).[38℄ CDF Coll., A. Abulenia et al., Phys. Rev. Lett. 96, 122001 (2006).[39℄ L.D. Landau and I.Y. Pomeranhuk, Zu. Eksper. Teor. Fiz 24, 505 (1953);E. Feinberg and I.Y. Pomeranhuk, Nuovo Cimento Suppl. 3, 652 (1956);A.I. Akhiezer and I.Y. Pomeranhuk, Uspekhi Fiz. Nauk. 65, 593 (1958);V.N. Gribov, Sov. Phys. JETP 29, 377 (1969).[40℄ T. Regge, Nuovo Cimento 14,951 (1959);T. Regge, Nuovo Cimento 18,947 (1959).[41℄ P.D.B. Collins, An Introdution to Regge Theory and High Energy Physis, Cam-bridge University Press (1977).[42℄ M. Arneodo and M. Diehl, Preprint DESY-05-214 (2005); e-Print:http://arxiv.org/abs/hep-ph/0511047 .[43℄ E. Predazzi, Letures given at Hadrons VI, Florianopolis, Brazil (1998);e-Print: http://arxiv.org/abs/hep-ph/9809454 .[44℄ V.N. Gribov, Sov. Phys. JETP 14, 478 (1962).[45℄ A. Donnahie and P.V. Landsho�, Phys. Lett. B 185, 403 (1987);A. Donnahie and P.V. Landsho�, Phys. Lett. B 296, 227 (1993);A. Donnahie and P.V. Landsho�, Phys. Lett. B 437, 408 (1998);[46℄ G. Ingelman and P.E. Shlein, Phys. Lett.B 152, 256 (1985).[47℄ A. Donnahie and P.V. Landsho�, Phys. Lett. B 191, 309 (1987).[48℄ UA8 Coll., R. Bonino et al., Phys. Lett. B 211, 239 (1988);UA8 Coll., A. Brandt et al., Phys. Lett. B 297, 417 (1992).[49℄ UA8 Coll., A. Brandt et al., Nul. Inst. Meth. A 327, 412 (1993).[50℄ ZEUS Coll., M. Derrik et al., Z. Phys. C 73, 253 (1997).[51℄ ZEUS Coll., S. Chekanov et al., Eur. Phys. J. C 25, 169 (2002).[52℄ ZEUS Coll., S. Chekanov et al., Nul. Phys.B 658, 3 (2003).[53℄ ZEUS Coll., S. Chekanov et al., Eur. Phys. J. C 38, 43 (2004).[54℄ H1 Coll., C. Adlo� et al., Eur. Phys. J. C 6, 587 (1999).



186 BIBLIOGRAPHY[55℄ H1 Coll., A. Aktas et al., Eur. Phys. J. C 48, 749 (2006).[56℄ ZEUS Coll., M. Derrik et al., Phys. Lett. B 315, 481 (1993).[57℄ ZEUS Coll., M. Derrik et al., Phys. Lett. B 356, 129 (1995).[58℄ H1 Coll., T. Ahmed et al., Nul. Phys. B 429, 477 (1994).[59℄ H1 Coll., T. Ahmed et al., Phys. Lett. B 348, 681 (1995).[60℄ H1 Coll., A. Aktas et al., Eur. Phys. J. C 48, 715 (2006).[61℄ K. Gole-Biernat, J. Kwieinski and A. Szzurek, Phys. Rev. D 56, 3955 (1997).[62℄ ZEUS Coll., M. Derrik et al., Z. Phys. C 70, 391 (1996).[63℄ ZEUS Coll., S. Chekanov et al., Nul. Phys. B 713, 3 (2005).[64℄ H1 Coll., C. Adlo� et al., Eur. Phys. J. C 30, 1 (2003).[65℄ K. Gole-Biernat and W. W�ustho�, Phys. Rev. D 60, 114023 (1999);K. Gole-Biernat and W. W�ustho�, Eur. Phys. J. C 20, 313 (2001).[66℄ J. Bartels, J. Phys. G 28, 1045 (2002).[67℄ J.C. Collins, Phys. Rev. D 57, 3051 (1998);J.C. Collins, J. Phys. G 28, 1069 (2002).[68℄ CDF Coll., T. A�older et al., Phys. Rev. Lett. 84, 5043 (2000).[69℄ V.A. Khoze, A.D. Martin and M.G. Ryskin, Phys. Lett. B 502 (2001).A.B. Kaidalov et al., Phys. Lett.B 559, 235 (2003)[70℄ M. Klasen and G. Kramer, Eur. Phys. J. C 38, 93 (2004).[71℄ V.A. Khoze, A.D. Martin and M.G. Ryskin, Eur. Phys. J. C 18, 167 (2000).[72℄ J.J. Sakurai, Phys. Rev. Lett. 22, 981 (1969).[73℄ M. Gl�uk, E. Reya and A. Vogt, Phys. Rev. D 45, 3986 (1992);M. Gl�uk, E. Reya and A. Vogt, Phys. Rev. D 46, 1973 (1992).[74℄ A. Kaidalov et al., Eur. Phys. J. C 21, 521 (2001);A. Kaidalov et al., Phys.Lett. B 567, 61 (2003);[75℄ ZEUS Coll., S. Chekanov et al., Nul. Phys. B 672, 3 (2003).[76℄ ZEUS Coll., S. Chekanov et al., Eur. Phys. J. C 51, 301 (2007).[77℄ H1 Coll., A. Aktas et al., Eur. Phys. J. C 50, 1 (2007).



BIBLIOGRAPHY 187[78℄ ZEUS Coll., S. Chekanov et al., Eur. Phys. J. C 52, 813 (2007).[79℄ ZEUS Coll., S. Chekanov et al., Subm. to Eur. Phys. J., DESY-07-161 (2007).[80℄ H1 Coll., A. Aktas et al., Eur. Phys. J. C 51, 549 (2007).[81℄ H1 Coll., A. Aktas et al., Subm. to JHEP ; e-Print arXiv:0708.3217 [hep-ex℄.[82℄ ZEUS Coll., S. Chekanov et al., Eur. Phys. J. C 23, 13 (2002).[83℄ ZEUS Coll., S. Chekanov et al., Eur. Phys. J. C 42, 1 (2005).[84℄ S. Alekhin et al., Proeedings of "HERA and the LHC: A Workshop on the im-pliations of HERA for LHC physis", Part B, CERN-2005-014, 2004-2005, Eds.A. De Roek and H. Jung (2005); e-Print: hep-ph/0601013 .[85℄ ZEUS Coll., U. Holm et al., The ZEUS Detetor, Status Report 1993 (unpub-lished), DESY (1993).[86℄ ZEUS Coll., B. Foster et al., Nul. Inst. Meth. A 338, 254 (1994).[87℄ M. Derrik et al., Nul. Inst. Meth. A 309, 77 (1991).[88℄ A. Andresen et al., Nul. Inst. Meth. A 309, 101 (1991).[89℄ A. Bernstein et al., Nul. Inst. Meth. A 336, 23 (1993).[90℄ ZEUS Coll., A. Bamberger et al., FPC group, Nul. Inst. Meth.A 450, 235 (2000).[91℄ F. Goebel, Measurement of the Di�rative Contribution to the DIS Cross SetionUsing the ZEUS Forward Plug Calorimeter, Ph.D. Thesis, University of Hamburg,Report DESY-THESIS-01-049 (2001).[92℄ A. Dwurazny et al., Nul. Inst. Meth. A 277, 176 (1989).[93℄ A. Bamberger et al., Nul. Inst. Meth. A 401, 63 (1997).[94℄ H. Bethe and W. Heitler, Pro. Roy. So. A 146, 83 (1934).[95℄ J. Andruszk�ow, \First measurement of HERA luminosity by ZEUS lumi monitor,"DESY-92-066.[96℄ K. Piotrzkowski, Nul. Inst. Meth. B 119, 253 (1996).[97℄ W.H. Smith, K. Tokushuku and L.W. Wiggers, Pro. Computing in High En-ergy Physis (CHEP), Anney, Frane, Sept. 1992, C. Verkerk and W. Wojik(eds.), p. 222. CERN, Geneva, Switzerland (1992). Also in preprint DESY 92-150B.[98℄ S. Silverstein et al., Nul. Inst. Meth. A 360, 322 (1995).[99℄ A. Quadt et al., Nul. Inst. Meth. A 438, 472 (1999).



188 BIBLIOGRAPHY[100℄ H. Uijterwaal, Global Seond Level Trigger for ZEUS, Ph.D. Thesis, Universityof Amsterdam, 1992.[101℄ U. Behrens et al., Status of the ZEUS Eventbuilder, Internal ZEUS-Note 92-054,DESY (1992).[102℄ S.M. Fisher and P. Palazzi, ADAMO Referene Manual for Version 3.3, CERN-ECP;available at http://adamo.web.ern.h/Adamo/refmanual/Doument.html .[103℄ D. C. Bailey et al., presented at International Conferene on Open Bus Systems92, Zurih, Switzerland, 13-15 Ot 1992.[104℄ G.F. Hartner, VCTRACK(3.7/04): O�ine Output Information, Internal ZEUS-Note 97-064 (1997);G.F. Hartner, VCTRACK Brie�ng: Program and Math, Internal ZEUS-Note 98-058 (1998).[105℄ H. Abramowiz, A. Caldwell, R. Sinkus, Nul. Inst. Meth. A 365, 508 (1995);R. Sinkus and T. Voss, Nul. Inst. Meth A 391, 360 (1997).[106℄ T. Doeker, A. Frey and M. Nakao, E letron Position Reonstrution - Update ofthe ELECPO routines, Internal ZEUS-Note 94-123 (1994);Ch. Amelung, Eletron Position Reonstrution in ZEUS: Further Update of theELECPO pakage (Based on 1995 data), Internal ZEUS-Note 96-093 (1996).[107℄ G. Briskin, Di�rative dissoiation in ep deep inelasti sattering, Ph.D. Thesis,University of Tel Aviv, Report DESY-THESIS-1998-036 (1998).[108℄ N. Tuning, Proton struture funtions at HERA, Ph.D. Thesis, University ofAmsterdam (2001);N. Tuning, ZUFOs: Hadroni �nal state reonstrution with alorimeter, trakingand baksplash orretion., Internal ZEUS-Note 01-021 (2001).[109℄ M. Turato, Measurement of beauty photoprodution at HERA, Ph.D. Thesis,University of Padova, Report DESY-THESIS-03-039 (2003).[110℄ R. Brun et al., preprint CERN-DD/EE/84-1, CERN, 1987.[111℄ M. Wing, Proeedings for "10th International Conferene on alorimetry in HighEnergy Physis", CALTECH, Pasadena, USA (2002); e-Print: hep-ex/0206036 .[112℄ ZEUS Coll., S. Chekanov et al., Eur. Phys. J. C 23, 615 (2002).[113℄ S. Bentvelsen, J. Engelen and P. Kooijman, Pro. Workshop on Physis at HERA,W. Buhmuller and G. Ingelman (ed.), Vol.1, p.23, DESY, Hamburg, Germany(1992).[114℄ H. Jung, The RAPGAP Monte Carlo for Deep Inelasti Sattering version2.00/18 (2001); available at http://www.desy.de/�jung/rapgap/ .



BIBLIOGRAPHY 189[115℄ H1 Coll., C. Adlo� et al., Z. Phys. C 76, 613 (1997).[116℄ G. Ingelman, A. Edin and J. Rathsman, Comp. Phys. Comm. 101, 108 (1997).[117℄ A. Kwiatowski, H. Spiesberger and H.-J. M�ohring, Comp. Phys. Comm. 69, 155(1992).[118℄ B. Andersson et al., Phys. Rep. 97, 31 (1983).[119℄ M. Bengtsson and T. Sj�ostrand, Comp. Phys. Comm. 46, 43 (1987);T. Sj�ostrand, Comp. Phys. Comm. 82, 74 (1994).[120℄ C. Peterson, D. Shlatter, I. Shmitt and P. Zerwas, Phys. Rev.D 27, 105 (1983).[121℄ ZEUS Coll., S. Chekanov et al., Phys. Lett. B 649, 111 (2007).[122℄ G. Gustafson and U. Pettersson, Nul. Phys. B 306, 746 (1988).[123℄ H. Spiesberger, HERACLES and DJANGOH: Event Generation for epInterations at HERA Inluding Radiative Proesses, (1998); available athttp://wwwthep.physik.uni-mainz.de/�hspiesb/djangoh/djangoh.html .[124℄ CTEQ Coll., H.L. Lai et al., Phys. Rev D 55, 1280 (1997).[125℄ T. Sj�ostrand, Comp. Phys. Commun. 82, 74 (1994).[126℄ H. Lim, Ph.D. Thesis, The Graudate Shool Kiungpook National University,(2002).[127℄ S. Catani and M. Seymour, Nul. Phys. B 485, 291 (1997);Erratum-ibid. B 510, 503 (1997).[128℄ Unpublished. Informations available at http://www.nikhef.nl/�h24/qdnum/.[129℄ ZEUS Coll., S. Chekanov et al., Phys. Rev. D 69, 012004 (2004).[130℄ M. Groys, A. Levy and A.Proskuryakov, in Proeedings of "HERA and the LHC:a workshop on the impliations of HERA for LHC physis", CERN-2005-014, 2004-2005, Eds. A. De Roek and H. Jung, p. 499 (2005); e-Print: hep-ph/0601013 .[131℄ A.D. Martin, M.G. Ryskin and G. Watt, Phys. Lett. B 644, 131 (2006).[132℄ T. Yamashita, Ph.D. Thesis, University of Tokyo, (2001) (unpublished).[133℄ T. Tawara, Ph.D. Thesis, University of Tokyo, (2007) (unpublished).[134℄ M. Kasprzak, Internal ZEUS note 95-069 (1995).[135℄ S. Kagawa, Ph.D. Thesis, University of Tokyo, (2004) (unpublished).[136℄ J. Bartels, K. Gole-Biernat, H. Kowalski, Phys. Rev. D66, 014001 (2002).





AknowledgmentsThis thesis is the result of three years of work in ZEUS, a period that was sometimestough, sometimes funny, other times very rewarding. At the end I an say that it wasa great life experiene that taught me plenty of things about myself and the others.All of this ould not be possible without the presene and help of many people and Iwant to thank all of them. I would like to mention some of them in partiular.I want to thank �rstly my supervisors, Prof. Dr. R. Klanner and Prof. Dr. P. Shleper,for their fundamental support and inspiration. They helped me and guided me withtheir impressive experiene and humanity.I worked for more than three years in the CMS/ZEUS group of the Hamburg universityand there I met many interesting and nie people. I want to thank T. Sh�orner-Sadenius, J. Sztuk and M. Turato for all the times that they found the time to helpme and answer to my questions. The students of the group form a nie and ative rewand we spent together a lot of time and lunhes at the extraordinary DESY-Kantine.I will keep a very nie memory of that. A mention in partiular to E. Butz, my �rstroom mate and student of italian seleted expressions, and to D. Contarato who helpedme to enter in the DESY and Hamburg environments when I was just at the start,stranded in a plae where everybody was speaking german.I want to thank Y. Yamazaki and T. Tawara who shared with me the workload and thepleasure of the di�rative dijets in DIS. I reeived a speial guidane and an unvaluablehuman support from M. Arneodo, A. Bruni and M. Ruspa, I will always be gratefulto them. Many thanks also to the oordinators of the di�rative group and the ZEUSmanagement that followed the developing of my analysis: H. Abramowiz, K. Borras,J. Cole, E. Gallo, A. Levy and all the others.I liked a lot to spend time with the italian group of ZEUS. I owe them at least aton of o�ee and I hope to meet them again in the future. Unfortunately these a-knowledgments are beoming too long and I annot mention all of them. However, aspeial thank goes to A. Montanari for all the times he hosted me in his oÆe whenI was homeless in building 1. The students at DESY that I met are too many to bementioned one by one: I want to greet in partiular R. Santamarta, J. Grebenyuk, J.Malka and N. D'Asenzo.Outside DESY, this Ph.D. was an extraordinary experiene thanks also to my friendsin Hamburg. I met so many nie people that it is impossible to salute them all. Buta speial mention must go to Patriia who shared the at with me for three yearsdenoting an inredible patiene. I spent a lot of evenings and dinners hatting anddrinking with Maro, his fellowship was extremely lovely and I thank him for that(and also for all the desserts that he o�ered to me). Thomas (aka Resi) and Carsten191



are wonderful persons with whom I shared a lot of nights and beers in Sankt Pauli:they are two real good friends and I learned a lot from them. I trust that time anddistane will not separate us.Although far from Hamburg, my friends in Torino were always supporting me andremembering me. It is nie to see that the kilometers do not derease our friendship. Iwant to thank in partiular Zelda who gave me a lot of support and suggestions duringthe years.A very speial kiss goes to Gemma, who is more beautiful than a lily. She ontributedto make the last months unforgettable, I thank her a lot.And at the end, last but not least, my family. My parents, Marisa and Massimo,and my brother Paolo were always lose to me and ready to help with their uniquewarmness. I owe them a lot if I reahed this goal. A �nal aknowledgment to my auntMilena and my grandparents, Alfredo and Rosa, Nerino and Teresa. Some of themwere not able to share with me the joy of this ahievement but I keep them always inmy heart.


